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PREFACE TO THE SECOND EDITION. 

With a view to bringing the book up to date, the author 
has made some changes in the second edition, the most 
important of which may be summarized as follows : — The 
S theoretical part has been slightly extended by the addition 
5^ of the author's method for the predetermination of the 
p^ characteristics of dynamos. He had already made use of 
this method when the first edition of this book was pub- 
lished, but as at that time no other engineer had used it, 
»the author did not feel sufficiently confident of its general 
applicability to admit it into his book. Since then, how- 
lever, the method has been used by many of his colleagues, 
id has been found to give, on the whole, fairly accurate 
results, so that the reason which prompted him to exclude 
[It &om the first edition is no longer valid, and the 
lethod has therefore been inserted. The practical part 
>f the book has also undergone some alterations pi*imarily 
lue to the progress made within the last three years in 
the construction of dynamos. The description of obsolete 
Machines has been omitted, and that of more modem 
lachines inserted, and, wherever practicable, data have 
>een given comprising the leading features of dynamos 
.Actually made, and the results of practical tests ; the 
Huthor holding that precise and numerical information 
[egarding a few characteristic features in the design of 




successful machJDes will be of greater value to the reader 
than any amount of general description. The chapter on 
electric railways has been only very slightly extended, but 
an exhaustive treatment of the subject would require a 
volume to itself, larger than the present book, and could 
therefore not be attempted. Another subject which might 
have found a place in the present volume is that of power 
transmission by means of alternating currents. It is quite 
possible that for the transmission of very large powers 
over very long distances, the alternating current may 
eventually prove more convenient than the continuous 
current, but as up to the present no sucli transmission 
plant has yet been erected, the subject must still be 
regarded as in the experimental stage, and not ripe for 
discussion in a book which, being intended for practical 
men, should deal with accomplished facts rather than 
with possibilities. As regards long distance transmission 
by means of continuous cun-ents, the account of M. 
Marcel Deprez' experiments has been entirely omitted 
I'rom the present edition. When the first edition was 
published these experiments formed the only example of 
any magnitude which could be cited to show that the 
idea of carrying mechanical power, by means of an 
electric current over a considerable distance, had been 
translated into practice. Since then, however, much 
good work has been done by other engineers, and large 
numbers of very successful transmission plants are now 
«t work. The examples selected for more detailed 
description will prove that the electric transmission of 
energy is not only theoretically, but also technically and 
commercially, a complete success. 

The Adthoe. 
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ELECTRIC TRANSMISSION OF ENERGY. 

INTRODUCTOET. 

The transmission of energy and its transformation is the 
fundamental problem of mechanical engineering. No 
piece of mechanism yet devised is able to create energy, 
but all mechanism has for its object the transmission and 
transformation for useful purposes, of energy already 
existing in nature in a more or less inconvenient form. 
The more perfect our mechanical appliances, the better 
are they fitted to direct the forces of nature to do useful 
work ; and in this sense the electric transmission of 
energy must be regarded simply as an improvement on 
purely mechanical methods already existing. But it 
is something more. It not only improves mechanical 
methods, but extends the field for their application, inas- 
much as it can, in many instances, reach nearer to the 
sources of power than any mechanical means. 

The most important natural sources of power are fuel, 
wind, and water. As regards the first-named, electric 
transmission can hardly be considered of any great im- 
portance for the purpose of reaching the source of power, 
for fuel, especially in its most useful form of coal, is'iK> 
easily portabJe, that in moat cases it is more C0TiNeTi\^\i\> \/(^ 

B 



carry the fuel to the place where the energy is i-eqiiirei ,p 
than to transform it into energy where found and transpon , 
the energy to the place of application. It has been sugi ^ 
gested to erect large generating stations for electricity 
close to the pit's mouth, and work the dynamos by Bteam4 
power obtained from the small coal which ia not wortt 
being carried by rail. The current generated could thea 
be sent along wires to places where jjower is required, an! - 
thus the energy contained even in the refuse of our coat' 
fields could be utilized. As yet this suggestion has no^ 
been carried into practice, except on a very limited scal^ 
namely, in providing motive power for underground rail" 
ways in coal mines, and in one case for an electric railwajf ^ 
on the surface. 

The other two great natural forces, wind and water, 
especially the latter, offer a larger field for the applica- 
tion of electricity. Water-power is only portable in a 
very limited sense. The great cost of channels, and the 
difficulty of providing elevated reservoirs close to those 
places where the power would be of greatest use, compel 
us in most cases to establish our factories close to natural 
waterfalls ; in other words, we cannot carry water-powet 
to the work, but must take the work to where the water- 
power is. Where that is impossible or inconvenient, the 
power cannot be directly utilized. It is in these cases 
that electric transmission of power is of greatest value, 
inasmuch as it enables us to get at many sources of 
enery which would otherwise be wasted. The amount 
of energy contained in waterfalls all over the world is 
enormous. To cite only one or two eases. According to 
Herr Japing, the hourly weight of water falling in the 
Niagara is one hundred million tons, representing about 
sJjLteen million horse-power, and the total production of 
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pal ID the iTorld would just about suffice to pump ihi! 
Rter back again. M. Cbretien, a French engineer, hu 
■ a paper read at the Paris Electrical Kxhibition in 
B81, given the total water-jKiwer in Franco as seventoen 
wlion horse-power, and has suggested, that if by electric 
knsmission only a part of this vast amount of energy 
nre made available for useful purposes, an enurmous 
Bonomy in the consumption of fuel in France would be 
Bected, and, at the same time, the hydraulic works neces- 
pry would also have the beneficial result of preventing, 
■tat least mitigating droughts and inundations. It is, 
Bwever, in Switzerland that the better utilization of 
■ater-power by electric transmission has the most pro- 
pisiug field. Not only is this country rich in waterfalls, 
Irhich ai'e not liable to any great reduction in volume in 
Rnuner time, as is the case with water-power in non- 
mine regions, but coal is dear, wood is scarce, and the 
Ibpulation is dense and industrious. We have here con- 
tttions all favourable to the adoption of any new and 
improved method of transporting power. It was in 
Switzerland that thirty or forty years ago teledynamic 
transmission was first brought to a practical issue, and it 
is in the same country that electric transmission has most 
rapidly developed. The total energy represented by all 
the difi^ereut transmission plants at work at the begin- 
ning of this year in Switzerland, may be roughly esti- 
mated at 1,500 hoi'se-power. 

In Great Britain there is of course not so much scope 
for electric transmission of water-power, principally be- 
cause there are but few waterfalls of any dynamic magni- 
tude which are not already utilized. The two most 
important examples of electric transmission are in con- 
1 i nectjos with electric ruilways. 
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At Portruah, in Ireland, the energy of a wateri 
by means of a turbine and dynamo converted into e 
cal energy, which is conveyed to the line and along i 
rails into the motor of the car. There it is reconvei 
into meclianical energy and utilized in propelling the 6 
A similar installation exists at N^ewry, where power t 
tained from the Camlough stream is utilized to work | 
electric railway between that town and Bessbrook. 
are also several other examples where either i 
steam-power is transmitted electrically, but genei 
speaking progress in this direction has been slow. 
reason lies in this, that installations of this ] 
necessarily of some magnitude, and cannot be undert 
as mere esperiments. If a small inslallal.ion of elec 
lighting were to turn out a failure in any particular c 
the loss to the contractor would not be so very b 
The dynamo, the wire, and the lamps have all their fin 
market value, and if they have to be removed fro 
installation, they can be utilized in another. Not so K 
the transmission of energy from some hitherto inaccessibl 
source. The dynamo and the motor have to be bin 
specially for each particular case, and the prnbabilitjj 
that they can be used elsewhere is small. The line t 
supports are expensive items, which have only valui 
that particular locality where they have been erect 
and the works necessary for transforniing the crudfj 
energy of nature so as to be applied for driving the geam 
rating dynamo, have also only a local value. In suchi 
cases the installation must be a complete success, or else | 
most of the plant and work is a dead loss ; and it is but 
natural that capitalists shrink from rushing into enter- 
prises as long as there is the least taint of an experimental 
nature about them. i 
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Another reason which has, in England at least, operated 
to delay the electric transmission of energy from natural 
and inaccessible sources to more convenient places, is that 
in this country coal is cheap and water-power scarce. In 
Switzerland and France the case is different, and accord- 
ingly we find that the first experiments on a large scale 
have been undertaken in the latter country. Although 
it is quite incorrect to say, as is frequently stated in 
French papers, that M. Marcel Deprez has invented the 
electric transmission of energy, or has even invented any 
special system by which the electric transmission of 
energy is made practicable, he has been the first to 
demonstrate that energy can be transmitted electrically 
over long distances. That his experiments were simply costly 
failures does not detract from his merit of having early 
recognized the importance of high voltage, and by draw- 
ing public attention to this branch of electrical engineer- 
ing, he has stimulated others to devote their attention to 
it. Those who followed him were practical men, not 
afflicted with any particular system, and in their hands 
long distance transmission has become a complete success. 
Broadly speaking, there are two purposes for which the 
electric transmission of energy is of great value. The 
one comprises all cases where, as has been shown above, 
hitherto inaccessible sources of natural energy are by its 
means rendered accessible, and the other comprises all 
those cases where the source of energy itself is accessible, 
but where it is desired to distribute it to a number of in- 
dependent small working centres. In the first case we 
have to transmit a large amount of energy, so to speak, 
in one lump from the distant source to the place of opera- 
tion ; and, in the second case, we have to split up the 
energy of a source close at hand into a numb^t of WESkaU. 
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fragments, aiid distribute them within a limited areflJ 
do useful work. In this case electric transmissioof 
enei^y comes into competition with the more mechai 
means of belts, shafts, wire-ropes, and pneumaticil 
hydraulic tubes, and the question whether one orJ^ 
other of these systems is preferable, depends on 4 
amount of energy transmitted, and the distance i 
which it is transmitted, as well as on many local C 
stances. Electricity has the great advantage of I 
extremely portable, and capable of having its dire 
and intensity changed with greatest ease. No mechiu 
force can be detected in the conductor carrying the ^ 
trical energy such as appears during purely mechai 
transmission with shafting, belts, wire-ropes, or in 
conveying steam, water, or air. The conductor is 
cold, does not move, and altogether appears inert. 1 
can be bent, moved, or shifted in any manner while t 
mitting many horse-power. It might be brought roq 
sharp corners, and, having little weight, it can be i 
with greater ease than any mechanical connection. 
thus possible to bring the energy into rooms and pla{ 
awkwardly situated for mechanical transmission, I 
there is no noise, smell, dirt, or heat during the tram 
nothing to burst or give way. The power is, moreovf 
under perfect control, and its application exceediii| 
elastic. The same circuit which may be tapped to g 
many horse-power can, at the same time, and i 
Teniently be used to work a sewing-machine, or otW 
small domestic implement, and the power consumed at 
the generating dynamo is always in proportion to the 
power obtained from all the motors, so that there is no 
waste of energy if some of the motors are standing still 
or are working with less than their full load. In addition 
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to these advantages, electrical distribution of energy has 
ako the merit of being exceedingly economical. The 
commercial efficiency of dynamos and electro*motors sel- 
dom falls below 80 per cent., and is in many cases as 
bigh as 95 per cent., so that even if we make a liberal 
allowance for loss of energy in the conducting wires, 60 
per cent, of the power of the prime-mover at the gene- 
rating station can be recovered from the motors distri- 
buted over a limited area. For instance, a steam-engine 
of 100 horse-power, driving a generating dynamo in the 
centre of a two-mile circuit, could deliver an aggregate of 
sixty horse-power in as many separate points within that 
circuit. Apart from all considerations of nuisance and 
cost of attendance in the case of sixty separate small 
steam-engines placed throughout the district, which 
might be used instead of the sixty electro-motors, it is 
evident that we can generate one hundred horse-power in 
one single engine at a far less cost of fuel than could be 
done in small engines, and although the double conversion 
necessitated by electrical distribution of energy entails 
some loss, there is still a large margin in the general 
economy of the system. 

In some cases it is found convenient to transmit the 
energy from the generating dynamo, not directly to the 
motors, but to interpose between the two a set of accumu- 
lators or secondary batteries. This is in reality an ex- 
tension of the system, and has the double advantage of 
providing motive power even at those times when the 
generating dynamo is standing still, and also of giving to 
the motor a certain amount of portability. Electric 
transmission of power is thus actually carried beyond 
the limits of a fixed conductor, or is even effected without 
the aid of a conductor at alL As a case in '^o\\i\>)\£k'di^ 



he cited the propulsion of street tramcars by 
secondary batteries. Here we have a charging stal 
at some place near the line containing some prime 
and dynamos, the current from which is sent by a pi 
cables to the secondaiy batteries in the car which 
be charged. This is the first stage in the electric 
mission of energy. When the cells are fully chargi 
cables are detached, and the car is ready to starts 
during its journey the second stage of the transraii 
viz., that of the energy in the cells into the motor, ti 
place. By the employment of secondary batterieSj 
have thus carried the operation beyond the limits of 
cables. If the charging station is so situated that 
can enter it, tlie process of charging can be accelerf 
by making each set of cells detachable from the car, 
charging them whilst the car, furnished with a duplici 
set, is on the line. As each car conieB in, its set of 
hausted cells is replaced by a set newly charged, and 
go out again within a few minutes. In this case 
actual transmission of energy between the dynamo at 
the cells, which are placed in close proximity, is only o 
the space of a few yards ; yet this energy may, later 
be utilized over a very long line. 

A similar system is in use for the propulsion of smai 
boats by electricity. It can be most conveniently appli 
in the ease of launches belonging to vessels which i 
fitted with the electric light ; for the same dynai 
which works the incandescent lamps at night can bi 
used to charge, or keep charged, the accumulators 
the launch during the day-time, so that the latter may 
a moment's notice be lowered into the sea, provided witl 
a sufficient store of energy for some hours' run. WhMJ 
the Jannch is stowed away on deck, its accumulators 
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e used for lighting the vessel, if a mishap occurs to 
irnamoy or if it be necessary to stop the machinery 
ne other reason. 

3.mples of this kind might be multiplied to any ex- 
3ut sufficient has been said to show that in the pre- 
tate of electrical industry the electric transmission 
3rgy is a question of great practical interest. Its 
; not only confined to the transmission of power, 
ind simple, between two distant points, as commonly 
stood, but it enters more or less into every application 
ctricity. 



General Principles— Linos of Force — Relations betwpeii MechaniM»l'| 
Electrical Energy — Absolute Measurements — Ideal Motor and T 
misaion of Energy — Practical UnilH, 

A pROrER understanding of the principle of the conM 
vation of energy, which exists throughout the wholw 
nature, must necessarily form the basis of all scientific 1 
'veEtigation of mechanical or electrical problems, andl 
most of the improvements we might attempt to introd J 
in existing machinery and apparatus. lu many chu 
the fact that the original amount of energy remains | 
changed, whilst the form in which it becomes i 
undergoes many alterations, is easily understood, 
instance, if a locomotive engine draws a train behinfl 
on a railway, we are at no loss to explain how the en^ 
of fluid pressure of steam in the boiler is transformed a 
that of a steady pull overcoming the resistance of i 
train at a speed of so many miles per hour, and includi 
all the so-called waste caused by deformation, frictiw 
abrasion, and heating of the bodies through which t 
energy flows. The means by which, in this case, enei^ 
ia transformed are, for the most part, purely mechanical, 
and sufficiently familiar to our imagination to allow us to 
form a mental picture of the different processes taking 
place. Even the transformation of heat into energy of 
^uidpressure, although we are not able to represent it by a 
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mechanical model, has, through long familiarity with heat 
engines in one form or another, become comprehensible to 
us. With electrical energy, and with that of chemical 
action, this is not so. We can form no kind of mental 
picture of the process taking place in a voltaic cell where 
the energy of chemical action is transformed into that of 
an electric current, nor can we say what are the connect- 
ing links by the aid of which this current, after passing 
through hundreds of miles of wire, is made to impart 
mechanical energy to the armature of an electro-magnet, 
and thereby produce telegraphic signals. There is no 
mechanical connection between the sending key and the 
lever of the Morse instrument by which energy could be 
transmitted in the form of a pull, as is the case in our 
example of the coupling between a locomotive and its 
train, and yet energy is unmistakably transmitted. If 
we neglect waste, that is energy transformed in a way not 
immediately useful for the purpose in view, we find that 
the amount of electrical energy received at the distant 
station is proportional to the amount of chemical energy 
used up ; and if we take the waste also into account, we 
shall find that the energy it represents, added to that 
received in the form of an electric current at the distant 
station, is again proportional to the amount of chemical 
energy developed in the voltaic cell. If we know the 
nature of the chemical process going on in the cell, we 
can always calculate, by the aid of electro-chemical 
equivalents, what total amount of electrical energy can 
be obtained from a given weight of materials. 

Similarly there exists a definite and constant propor- 
tion between electrical and mechanical energy. The re- 
lation between the two is somewhat complicated by the 
development of heat, wbicby indeed, is m&epaTa\A^ ix^m 
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electric phenomena, but if we make due allowance for the 
energy wasted in heat, we sball find that a given amount 
of electrical energy will always produce the same amount 
of mechanical energy, irrespective of the time required, 
or the exact manner of transformation. Although we 
cannot say what are the connecting links between electric 
current and mechanical force, experiment shows that cer- 
tain definite relations exist, and we can, on the basis of 
experimental facts, conceive a mental picture or model by 
the aid of which these relations are represented in a fami- 
liar form. Such a mental picture is the conception of 
magnetic lines of force, first introduced by Faraday. In 
adopting this method of rendering electro-mecbanicad 
phenomena tangible to our senses, we make no aasump- 
tion whatever about the reality of the lines of force 
Whether they actually exist is a matter of total indif^ 
ference ; but since all the experiments we can make art 
compatible with that conception, and since it enables us 
not only to explain experimental facts, but also to bring 
them within the region of actual measurement and calcu- 
lation, it is convenient to make the theory of magnetic 
lines offeree the basis of electro- mechanical investigations. 
If a sheet of paper be laid over a straight steel magnet 
having opposite poles at its ends, and sprinkled with iron 
filings, it will be found that these arrange themselves in 
curves, which we take to be the magnetic lines of 
force,' Fig. 1. Each of these lines forms a closed curve 

' A very conTenienC waj of fixing these currea ia bjtbe aXA of a, ebe«t of 
gloss, Tbe aurfate of wbich tins be«n coated tvilh a Inin layer of paraJTln. 
The glass ia laid over (he magnet, then sprinklad, and earefully lifted off su 
08 not 1(1 diiilurb the filings. It is then gently heateii, ivhen the pBraffin 
molts, and upon cooling again the iron filings are fixed lo the glass by the 
coiting of paraffin. The glass plate may then be handled ad if it were > 
drawing, tmd the curvea can be repi-odui-vd by photography. The drawing 
' ■ ■ ' beeuobuined in ■■■' 



Liyma or force. 



IS 



iBBTimg firom a point at one end of the magnet, and enter- 
ing at a corresponding point at the other end. Some of 
the carves extend far out into space, beyond the surface 
of the. paper, and as far as thejr are visible, they 
appear as open lines growing fainter the farther we 
go firom the poles. They must, nevertheless, be con- 
adered to be closed lines, only so faint that we cannot 
bace tbem throughout their whole length. If the {rales 
of onr magnet were two mathematical points, oil the 
curves would pass through those points, but since we 



iiave to deal with a physical magnet, the poles of which are 
surfaces of some extension, the lines issue from all over 
these surfaces. To investigate the m^netic properties of 
these lines we can use a long thin magnetic needle (a 
magnetized knitting-needle answers very wellj suspended 
vertically by a long thread, so that the lower end of the 
needle is within a short distance of the paper, and free to 
move all over it. We shall then find that the lower end 
of the needle will be repelled by one pole of the magnet 
and attracted by the other, and in following the combined 
action of these forces, it will move along tVtsA. '^i^i^'q.Vhc 
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line offeree upon which it was set on to the paper in the 
firet instance, but it will never move across the lines. 
We conclude from this experiment that the lines of force j 
are paths along which a free magnet pole is urged under | 
the influence of the magnet. A free magnet pole of oppo- 
site sign would travel along the same lines, but in opposite 
direction, and, if of the same strength, it will be ui^ed 
along with an equal force. If, instead of a long vertical 
needle, we take a very short one suspended horizontally 
in its centre close to the surface of the paper, the two 



I 



j^" 



opposite forces will tend to set the needle so as to form a 
tangent to the line of force passing through its centre, and 
as then the two forces are equal and opposite, no bodily 
shifting of the needle can take place. But on whatever 
point of any of the curves we set the needle, it will always 
swivel into such a position that its magnetic axis, that is 
a straight line joining its two poles, becomes a tangent to 
the cm-ve. (Fig. 2.) It should here be remarked that 
unless the needle ia very short in comparison to the mag- 
net it will, when placed near one of the poles, be drawn 
right up to it, because in this case there would be a sen- 
s/We difference in the distance of either of its ^le% fruia 
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t ma^et pole, and consequently the oppoein); forom 
uld no longer be in equilibrium. But if the needle is 
ry short, say only the length of a particle of iron filing, 
!b inequality between the attracting and repelling force 
rill at a short distance from the magnet ]K>le become 
iBsible, and then the particle of iron filing will only net 
elf into the direction of the line of force in that place, 
lot not move bodily along it. We may thus regard eatOi 
particle of iron filing which has been sprinkled over the 
paper as a very short magnetic needle, and each line of 
force as a chain of such needles linked together by their 
poles of opposite sign— «, *, — h, s, — w, s, — and bo on, as 
shown in Fig. 2. Imagine now that the particles in one 
such chain, whilst under the influence of the magnet, 
eould by some process be suddenly hardened into steel, 
or that we had taken steel filings in the first instance, and 
tten remove the magnet. We would then have a succes- 
trion of litUe magnets, whose poles of ojiposite sign touch, 
and therefore eliminate each other, with exception of the 
first and last particle of the chain. Here we would have 
t, free N pole at one end, and a free S pole at the other 
end, these being a finite distance apart, and therefore 
tble to exert magnetic action on other pieces of iron 
placed into their neighbourhood. But let each particle 
oe turned round its centre (without however, shifting it, 
Imdily) so as to break contact with its neighbour, and we 
.ihaU have a disjointed line of very small magnets, (Fig. 3), 
lone of which is able to exert any magnetic attraction or 
lepulsion at a distance, because on account of the proxi- 
luty of the two opposite poles in each particle, their dia- 
ancss from any external point to be acted on would be 
ensibly equal, and consequently the opposite forces 
Touid be in equilibrium. By turning eacb ig«rt.\ti\& fto «»■ 
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to thoroughly break contact with its neighbour, 
completely destroyed the magnetic action of our chai 
a distance. If we had turned only a few of the particle^j 
or if we had turned all through a very small angle, so aff ^ 
not to completely interrupt their magnetic continuity, thfl j 
magnetism of the chain as a whole would have beeft n 
weakened but not destroyed completely. We can restoeS ^ 
our m^netic chain again by turning each particle bad! ,. 
into its original position, and if this process should be to* 
laborious to be performed by hand, we can accom] 
a an instant by replacing our magnet under the paper, 



!d be to* J 

mpJish it , 
le paper, ;. 



b 



Fig, 3. 



T^r 



when its line of force corresponding to the chainfl 
particles, will pass through it again and swivel each |n 
a tangential position, whereby poles of opposite sign j 
again brought into contact, thus eiiminating each o 
with the exception of the two free poles at the euds of a 
chain. 

According to the modern theory of magnetism ' as I 
veloped by Weber, Wiedemann, Hughes, and o£ha 
what has here been described for a chain of iron i 
lying on the sheet of paper, actually takes place i 

' ProceedingB Roynl Society, May 10, 1683; also n paper it 
Cause of Kvident Magnetism in Iron, Sl««l, and othiir MngiLCiic MetaU," 
nad hefoTB the Society of Telegraph Engineers and Elei^lrii^iBna, and 
reported in tbttir Joanml, loi, xii., No. 19. 
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Ae body of any piece of iron or steel whikt being 
magnetized. According to this theory^ each molecule 
of iron or steel is a complete magnet ; it is provided at 
one end with a definite quantity of magnetic matter of 
one sign^ and at the other end with precisely the same 
quantity of magnetic matter of the opposite sign, and 
these magnetic charges are an inseparable attribute of 
matter like its gravity or chemical or thermal properties^ 
and they can neither be increased nor diminished. In an 
unmagnetized bar of steel these molecular magnets are 
Bapposed to form either chains closed in themselves or 
disjointed chains, their magnetic axes pointing in all 
possible directions, and therefore, as was the case in our 

i chain of iron filings after we had rotated them, incapable 
of magnetic action at a distance. But if, by some means, 
it were possible to turn all the molecules so as to point 
one way, without, however, displacing them bodily, we 
would obtain a number of parallel magnetic chains 
showing free magnetism at their ends only, and there- 
fore capable of exerting magnetic attraction and repulsion 
at a distance ; in other words, our bar of steel would 
become a magnet. It will be seen that according to 
Ais theory the molecules composing a bar of magne- 
tizable steel must be capable of rotation around their 
centres, and the more easily and completely they can be 
rotated, the greater is the degree of magnetization ob- 
tained. Since we cannot take hold of each molecule and 
rotate it mechanically, we must adopt the other method, 
viz., that of sending lines of force through the bar to 
perform that work, as we did with the chain of iron 
filings. This can be done either by the aid of another 
magnet, or by an electric current The setting of mole- 
I CDla9 into continuous chaiuB will be the more com^\^\;^) 
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the less resistance or internal friction they oflFer to n 
tion, and the more powerful are the lines of force wl 
ate caused to pass through the bar of steel. In veryi 
Bteel, or in soft iron, the molecules rotate freely, and 
be set almost completely into continuous chains, but 
harder the steel the smaller is the angle thi-ough wl 
each molecule can be rotated, and the more magnetiz 
force is required for this purpose. In such cases 
magnetic chains are more or less discontinuous, and 
magnetism appearing externally is weaker. On the ot 
hand, the molecules once rotated into position of magni 
continuity are not so easily disturbed again, and thus 
harder the steel the more permanent is its magnetizat; 
In soft iron the molecules will lose their magnetic c 
tinuity as easily as it was acquired, and the sligb 
mechanical strain or vibration is suflGcient to destroy 
greater part of the previous magnetization. To illusb 
this we may take a glass tube filled loosely with 1 
filings, which can be magnetized by drawing the poll 
a magnet along it. We shall then see that tlie partii 
of filing which previously were lying in all possible dii 
tions, have now become more or less parallel to the ti; 
and the whole appears more like a solid piece of ii-oi 
very fibrous texture. The tube has now become a magi 
and if it be carefully handled so as not to disturb 
arrangement of the particles, it can be used as if it w 
a solid steel magnet, and all the usual phenomena 
attraction and repulsion at a distance can be obtaii 
But on tapping or shaking the tube the particles rela 
into their former confused position, and all traces of 
ternal magnetism of our tube vanish. From this si 
outline of Professor Hughes' theory it will be seen t 
the only way in which we can act upon the moleculci 
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Ae interior of a bar of iron or steel is by eendin^ lines of 
force through it. The greater the number of liaes, or the 
more powerful the individual lines which we can force 
through the bar — or, in other words, the ftreater tlie 
magnetiziiig power — the greater will be the number of 
toolecules which are thei'eby arranged into more or less 
onnplete magnetic chains, and if the metal is hard enough 
these chains in their turn become the seat and origin of 
Snes offeree, and can then be used to magnetize other 
bars. It will also be clear that after a bar has been 
magnetized, the space surrounding it becomes filled with 
lines of force which emanate from it. Strictly speaking, 
each magnet is surrounded by lines extending into in- 
finite space, but practically they can only be traced 
throughout the space immediately surrounding the mag- 
net, Mid this space is called the " mat/netic Jield." Since 
roagDctic lines are not a i-eality, but only a convenient 
conception, we can adopt any simple way of expressing 
their magnitude, or, to speak more correctly, the inten- 
sity of the magnetic field at any given point. We can 
either assume that the lines are of different strength, and 
that the mechanical force with which a given free magnet 
pole is urged along any one particular line is dependent 
I on the strength of that line, which may be different from 
that of any other Hne belonging to the same field ; or we 
can assume that all the lines are of the same strength, but 
that the number of lines passing through unit space of the 
field is different at different points of it. According to this 
assumption, the intensity of the field in any given spot, 
and the mechanical force exerted on a free magnet pole, 
is proportional to the number of unit lines passing through 
unit space at that particular spot. This is the more con- 
venient way of estimating the magnitude of the mechanical 
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forces produced by the magnetic field, but it must not tttii 
coDsidered to be a representation geometrically true, andif k 
we try to consider it so, the want of reality in our concep* *i 
tion of lines of force becomes at once apparent. This will b 
be seen from the following consideration. If, as we aesum^ ft- 
a mechanical force can only be exerted by lines actually ■ 
passing through the magnet pole, it will he evident that I 
in case the pole be a mathematical point, only one line I 
can pass through it and exert mechanical force on it 1 
This force would therefore be quite independent of the 
density of lines around the pole. If the pole, although 
of the same strength, had finite dimensious, more lines 
would actually pass through it, and more mechanical 
force would be exerted. Experiment, however, shows 
that this is not the case, and that within reasonable 
limits the mechanical force is independent of the extent 
of the pole, and only depends on its free magnetism. 
From this we conclude that a strictly geometrical repre- 
sentation of the density of lines in a magnetic field, in the 
same manner as we might represent the density of trees in 
a forest, would be incorrect. We cannot pretend to solve 
the problem of finding a geometrical representation for 
our conception of the intensity of the magnetic field, and 
we must be content to use the term in its conventional 
sense, without having any clear idea of how it could be 
represented by a mechanical model. Yet this is no reason 
why we should abandon such an extremely convenient 
method of representing magnetic action at a distance. 
Nobody has as yet succeeded in explaining the action 
of gravitation, or has been able to represent it by a 
mechanical model. Nevertheless we find no difficulty in 
using the conventional terms of accelerittiou, mass, and 
weight of bodies in our calculations. We know that the 
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weight of a body equals the product of its mass and the 
acceleration due to gravity. If we put strength of pole for 
Biass and intensity of field for acceleration due to gravity, 
we find the analogue to weight in the mechanical force 
with which a free magnet pole is acted on when placed in 
a magnetic field* 

From what has been said above, it will be evident that 
we must define mcLgnetic field of unit intemity as that in 
which a free magnet pole of unit strength is acted on 
with unit force. To define a magnet pole of unit strength 
we must have recourse to the well-known expression for 
the mechanical attraction or repulsion existing between 
two poles placed at a certain distance apart. The law 
has been established experimentally by Coulomb,^ with 
the aid of his torsion balance, and verified by Gauss/ 
who used for the purpose a large fixed magnet, and a 
smaller suspended magnetic needle. It is as follows. If 
M and m denote the strength of the two poles, and if they 
are placed at a distance, r, from each other, the mecha- 
nical force (attraction or repulsion according to whether 
the poles are of dissimilar or similar sign) acting between 

them is — j- . If both poles are equal and of the strength 
r 

a 

m, we have— a, and if their distance be unity, the force 

r 

acting between them will equal the square of the free 

magnetism of one pole. The force will be unity if the free 

magnetism is unity. We find, therefore, the definition 

for unit pole to be a pole of such strength that when placed 

at unit distance from an equal pole^ the two will act upon 

each other with unit force. It remains to define unit force 

^ WiJJJDer, " Jbcperunentalpbysik,^' iv., | 5. 
^ WJed^ann, " -Eiektricitat/' iii., p. lift, onte. 
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and unit distance. This might be done on anj convenk^H 
basis of the meaBurements of mase, length, and time. ^^M 
electrical calculations it is customary to use for this purpl^^| 
The Grram as the unit of mass. ^^M 

The Centimeter as the unit of length. ^H 

The Second as the unit of time. ^H 

On these units is based what is known as the Abseb^^ 
System of Electro-Magnetic Measurements. Taking tll^^| 
units as the basis for our calculations, we can find "^H 
other units of measurement, because they are all o^^| 
nected in some way with the fundamental units of mil^H 
length, and time. We find thus that the unit of velod^H 
in one centimeter per second, that of acceleration is ^^| 
increase of velocity of one centimeter per second, a^H 
since mechanical forces are measured by the produof^H 
mass and acceleration, we define the unit of mechan^^H 
force, the Dyne, as that force which applied to a masA^H 
one gram, during one second, will give it a velocity of ^^| 
accelerate its velocity by) one centimeter per secol^^| 
The mechanical energy represented by the force of O^H 
dyne acting through a distance of one centimeter is t^H 
unit of energy, and is called the Erg. Having accep^^J 
these fundamental and derived units, we can now proce^H 
to establish units for the lines of force, and for the intfl^H 
sity of the magnetic field. We call a unit line of for^^ 
one of such strength that if a unit pole be placed on it, it 
shall be urged along it with the force of one dyne. A 
unit magnetic field would be one in which a unit pole 
would be acted on with the force of one dyne. If we find 
experimentally that an equal force is exerted in all points 
of a certaio portion of the field (as is the case with the mag- 
netic field of the Earth within certain limits), we say that 
this particular portion of the field is of uniform magnetic 
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intensitj^ and we consider all the lines of force to be 
straight, parallel, and equidistant. A uniform magnetic 
field of unit intensity is therefore one in which every square 
centimeter of transverse section is traversed at right angles 
by one unit line. We can now determine the number of 
unit lines which emanate from a free unit pole. Before 
doing so, a few words of explanation regarding this con- 
ception of a free magnet pole are necessary. It has been 
shown above that magnets are produced by the adjusting 
of their molecules into continuous chains ; and that, 
therefore, equal quantities of magnetic matter of opposite 
signs are produced at the poles of the magnet. Experi- 
ment shows that it is physically impossible to produce a 
magnet with one pole only, and that therefore no such 
thing as a free magnetic pole can be found in nature. 
But we can get an approximation to the free pole by 
making the magnet very long in comparison to the 
strength of its poles. In this way the magnetic influence 
of each pole will be sensibly felt through a distance con- 
siderably smaller than the length of the magnet, and 
when investigating the magnetic properties of the space 
immediately surrounding one pole we can neglect the dis- 
turbing influence of the other pole. In this case the 
lines of force emanating from the pole under consideration 
will be straight radii, shooting out from the pole all 
around into space. Let, in Fig. 4, P be the pole, and S 
a sphere described around it as centre, then this sphere 
will be pierced by the lines of force, in points which are all 
equidistant from the pole. Let r be that distance, and M 
the strength of the pole, we find the mechanical attraction 
exercised upon a unit pole of opposite sign placed at any 

M 

point on the surface of the sphere, by the exptemou ---^« 
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If, now, a second sphere be described around P, witj 
radius larger than r by only an infinitesimal amount, ^ 
shall have a spherical shell of infinitely small thick] 
within which the intensity of the field is uniform, 
whatever point between the two surfaces of the shell 
may place our unit pole, we find that it is attracted ^ 
the same force towards P, and from this we conclude ^ 
the density of lines all over the spherical surface mui 
uniform. Since in a uniform field the force exerted i; 
unit pole in the direction of the lines is equal to t 




density (or number of lines per square centimeter I 
transTerse section), we conclude that through each squi 

centimeter of surface on the sphere, there pass - 

lines. Now the total surface of a sphere of radius r3L 
4 jT r*, and consequently the total number of lines e 
nating from the pole of the strength M is 



M _ 



tM. 



If the pole i*, instead of having the strength M, were j 
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unit pole^ the total number of lines would evidently be 
4 IT, and thus we find a second definition for unit pole 
as a pole of such strength that 4 w unit lines of force 
emanate from it. This definition is evidently identical 
with the following : Unit pole produces unit intensity of 
field at unit distance. 

Up to the present we have only dealt with magnets and 
the mechanical forces exerted by them. It will now be 
necessary to investigate the relations between an electric 
current and the mechanical force it can exert when 

Fig. 5. 




brought into a magnetic field. Experimental facts form 

now^ as before^ the basis of our investigation. Let, in 

Fig. 5, a be the cross-section of a wire passing vertically 

through the surface of the paper, and assume that a 

current is flowing down the wire. If we sprinkle iron 

filings on to the paper near the wire, we find that they 

arrange themselves in concentric circles around it, and 

if we shift the paper into other places along the wire, we 

find the same result. From this experiment we conclude 

that the wire throughout its whole length is surrounded by 

circular lines of force, or as it is sometimes called, by a 

magnetic whirl. If we suspend a long thin magnet 

parallel to the wire, so that its lower end is free to move 

sAong the surface of the paper, it will liave a tetiQifiVic^ \»Q 
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rotate round the wire, but continuous rotation cannot 
obtained, because the upper end of the magnet 
tendency t<j circle round the wire in an opposite direct 
If a short magnetic needle, suspended in its cent 
placed horizontally on the paper, it will set itself 
gentially to the lines of force, and therefore at 
angles to the wire. Each circle of iron filings must 
considered as a chain of small magnets closed in itsel 
and if we were to lay a ring of steel around the wire on 
the paper, it would become a continuous magnet. Upon 
removing the ring it would not show any external mag- 
netization, because all along, its molecules are iu contact 
with their opposite poles, but if we interrupt this con- 
tinuity by cutting the ring open in one place, the ends 
severed will show opposite polarity when the ring ia 
straightened out. If, instead of a complete ring, we had 
placed iinly a segment of a ring or a straight piece of 
steel at right angles to the wire, it would upon removal 
at once show magnetic properties. We see from these 
experiments that it is possible to magnetize a piece of 
steel by passing an electric cun-ent in its neighbourhood 
at right angles to it. All the experiments detailed above 
will succeed equally well with a bent wire, and if we 
employ a coil of wire with a piece of steel inserted at 
right angles to the plane of the coil, its magnetization 
will be considerably greater than where only one straight 
wire is used. The annexed sketch. Fig. 6, will give a 
clear idea of the lines of force surrounding a circular coil 
in which a current flows. The zinc and copper plate of 
a voltaic cell are joined by a stout square wire bent into 
the form of a circle, as shown, and since all the lines pass 
around the wire in the same sense it follows that the whole 
interior space of the circle is filled by a bundle of linea 



ASaoLVTS MBABUSXMBSTB. 27 

piercing the plane of the coil at a right angle. A free 
nugnet pole would therefore be drawn through the coil 
in one sense or the other, according to the sign of the 
pole and the direction of the cnrrent. If a small m^^ctic 
needle be suspended in the centre, it will set itself at 
light angles to the plane of the circle and the direction in 
which its N pole is nt^^, is given by the following rule 
doe to Ampere : Imagine a perton noimming with the 
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current and looking towards the needle, then its N pole toill 
be urged towards the left. If, instead of a magnetic aeedle, 
we place a non-magnetic piece of steel into the same posi- 
tion it will become magnetized, K at its left and S at 
it« right end. It will be evident that if we approach 
the N pole of a magnet to the circle from the front, the 
side turned towards the observer in the figure, it will 
be repelled, and if we approach a S pole it will be at- 
tracted. The opposite takes place on the back. The 
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Bame would happen if instead of the circular wire 1 
versed by a cuirent, we had a very short magnet of eqn 
diameter. To put the magnet into the some condition,! 
the wire ha length would have to be equal to the thi 
nesB of the wire, and it would thus become a flat 6 
one side of which we assume to be covered with N i 
netic matter, and the other side with an equal amountfl 
S magnetic matter. By properly choosing the amov 
of magnetism distributed over the discs, we can obta 
magnet which in its action at a distance is absolute 
equivalent to the circular current, and such a magnet 1 
called the equivalent magnetic shell. The action whiobf 
physical magnet or a magnetic shell equivalent to I 
closed current can exert at a distance is most convenient 
expressed by the magnetic moment, that is the produotjj 
strength of poles with their distance. A magnet c 
centimeter long having unit poles has unit momei 
Experiment shows that the magnetic moment of a 
closed circuit is equal to the product of area enclosed \ 
the current and strength of the current, and we * 
therefore define unit current as that current which Jloi 
in a plane circuit is equivalent to a magnetic shell the » 
of which is numerically equal to the area of the circuit. 
in Fig. 7, a b represent the cross-section through a \ 
cular conductor of radius, r, traversed by a currentJ 
and m, a magnet pole placed at a distance, d, from { 
centre of the coil, then it is found experimentally 1 
each element of the conductor exerts a force on ) 
magnet pole which is numerically equal to the product J 
strength of current by length of element, by strength of 
pole divided by the square of the distance ; and the direc- 
tion of which is at right angles to the plane passing 
tbfougb the element and through the magnet ^oW. Tlsa 
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krce due to the element, d I, situate at b^ is therefore 
m/, and its amount is rf-F= ,V-. J* The horizontal 

r 
component of this force is evidently d H ^ d ^77" v, 7- j 

and since the same holds good for any element along the 
circle^ we find the total force by integration between the 

limits and 2irr H=i c. m, ,. 



((f + r*) ^ 



Fig. 7. 




If the magnet pole lies in the centre of the coil^ d =i o, 
and the force is evidently H = - — - — . 

This equation provides another definition for unit 
current. It will be seen that if th, r and c are equal to 
unity, H is equal to 2 ir, and we may define unit current 
as that current whichy flowing in a wire forming a circle of 
unit radius y acts on a unit pole placed at the centre with a 
force of 2 IT dynes. 

If a magnet be inserted into a coil of wire which is 
connected to a delicate galvanometer, a current will be 
observed to flow through it for a short time, and if the 
magnet be withdrawn from the coil, a momentary current 
in the reverse direction is created. Now aince it i& ixxv- 
posBible that a current should flow mtloLOUt \5aftT^\iCva% 
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an electromotive force in the circuit, we conclude tl^| 
the act of thrusting a magnet into the coil, or suddtf^H 
withdrawing it, seta up an electromotive force in one ^(^H 
tion or the other in the wire itself To explain this ^^H 
nomenon, we have again recourse to the conceptiiM^H 
lines of force. It is evident that in approaching >^H 
magnet to the coil we move not only the metal alone, ^^| 
also all the lines of force which surround it, and in so ^d^H 
we cause these lines, or at any rate some of them, to ^^H 
the wire of the coil. The same happens if the nia^^H 
remains at rest and we move the coil relatively to it ; J^H 
wire cuts through the lines of force and an electromof^H 
force is set up in it in consequence. We cannot exp^^| 
the why and wherefore of this action, and must rest c^H 
tent to accept it as abundantly proved by experioM^H 
A careful investigation also shows that the strength^^H 
the current, and consequently the amount of electi^H 
motive force set up, is directly proportional to the Spee^^H 
movement and to the strength of the magnet. We cc^l 
elude from this that the electromotive force is proportions! ' 
to the rate of cutting lines, that is, to the number of lines 
cut per second by each wire. It is also proportional to 
the number of wires in the coil. We also find that in 
thrusting the magnet into the coil we experience a resis- 
tance necessitating the expenditure of mechanical energy, 
the amount of which is proportional to the product of cur- 
rent and electromotive force. This resistance, and the 
mechanical energy necessary to overcome it, will be the 
greater the lower the electrical resistance of the coil, pro- 
vided other things remain equal, and if the coil be open 
so that no current can pass, there will be no opposing 
force to the movement of the magnet. In order to inves- 
tigate this phenomenon of the creation of i electromotive 
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force by the movement of a conductor in a magnetic field, 
we will assume the simplest possible case, viz., that of a 
uniform field, the lines of which we suppose to be vertical. 
Let two metallic bars be fixed at equal distance from the 
ground, and parallel to each other, and let a third bar, 
which we term a slider, be laid at right angles across these 
bars, and let it be free to move parallel to itself, but al- 
ways remaining in contact with them. As soon as the 
slider is set in motion, a difference of i)otential will be 
created between its ends where it rests on the bars, tend- 
mg to make electricity flow from the bar of higher to the 
bar of lower potential. Such a flow of electricity will 
actually take place, and can be made visible if the bars 
be connected by a galvanometer. Let d be the distance 
between the bars, v the velocity of the slider, and F the 
intensity of the field, then the diffierence of potential be- 
tween the bars, is F, d, v, which product also expresses 
the number of lines of force cut by the slider per second. 
If the distance between the bars be one centimeter, and 
the velocity one centimeter per second, and the intensity 
of the field be also unity, we obtain the unit of electro- 
motive force. We define, therefore, as the unit of electro- 
motive force^ that which is created in a conductor moving 
through a magnetic field at such a rate as to cut one unit 
line per second. Imagine that the bars and the galvono- 
meter connecting them have absolutely no electrical re- 
sistance, but that the slider has a resistance r, then by 
Ohm's law the current produced through the circuit, 
whilst the slider is in motion, will be 

F.d. V 

c= . 

r 

K the intensity of the field is unity {F ■=.\\ and if the 

bars are one centimeter apart, unit current will be pro- 



duGed at a velocity » = r. We find, therefore, that 4 
electrical resistance of the slider, and for the matte 
that the electrical resistance of any conductor, can befl 
pressed in the same tenns as a velocity. We say thatfl 
resiBtance of a conductor is so many centimeters a s 
It is customary to express resistances by reference i 
standard resistance, the ohm. The relation between t 
and the unit of resistance in absolute measure willil 
shown presently. Before doing so, we must, howefl 
say a few words about the energy required to move 'fl 
slider, and about the relation between current and mecha-l 
nical force. Let P represent the pull in dynes required 
to move the slider across the lines of a field of intensity 
-f, with a velocity of v centimeters a second. The energy 
expended in ergs will evidently be 
fF= P. V. 
By the principle of the conservation of energy, this must 
be equal to the electrical energy produced. The ques- 
tion which now presents itself is the determination of the 
electrical energy of a current, c, flowing under a difference 
of potential of F. d. v. We have up to the present used 
the term potential without giving its definition. As the 
name implies, the potential of a body is its property of 
allowing enei^y stored up in it to become potent, that is, 
to do work. If a weight be raised to a certain height 
from any given datum level, the mechanical work thereby 
expended can be recovered by allowing the weight to 
descend again whilst overcoming the resistance of gome 
piece of mechanism which can be made to do useful work. 
In its elevated position the weight has. therefore, a cer- 
tain potential energy, which is equal to the product of 
the weight multiplied by the distance to which it has 
been raised. If the weight be unity, this product is 
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nnmericallj equal to the height, and we can taj that the 
mechanical potential of a heayy body raised to a certain 
Iieight above datum level equals the mechanical energy 
required to lift unit weight to the same height. By 
multiplying the potential thus defined with the weight 
of the body we obtain the total mechanical energy which 
it is capable of exerting. Similar reasoning applies with 
regard to the transfer of electricity. It is well known 
that two bodies charged with electricity of the same sign 
repel each other, and if one of the bodies is fixed whilst 
the other is being approached to it mechanical energy 
must be expended in the act> of approaching. This energy 
can again be recovered (provided there were no losses by 
dissipation of electricity into the surrounding air; by 
allowing the movable body to recede from the hftAx at 
rest whilst doing useful work. To fix ideas, let tlie 
stationary body be a very large metallic sphere charged 
with a certain amount of positive electricity, and let the 
movable body be a very small gilded pith ball charged 
with a unit of positive electricity. We assume a great 
difference in the size of these bodies in order that the 
charge on the larger body shall not be sensibly altered 
by the variation of position of the small body. If we 
remove our pith ball to an infinite distance, so as to be 
completely beyond the repulsive action of the larger 
body, we can consider it to be in that position analogous 
to unit weight placed at datum level. If we now advance 
the pith ball up to the large sj^ere, we shall have to 
perform mechanical work, and, according to Sir William 
Thomson's definition, the electrical potential of the sphere 
is measured by the amount of mechanical work per- 
formed. If, instead of starting from infinite distance, 
we had started from another sphere having a different 
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potential from the first, the mechanical work perforniel^^| 
the transfer of the pith ball would be b. measure or^^H 
difference of potential between the two spheres. It ^^H 
appear self-evident that if, instead of only one pith li^^| 
we transfer two, three, or more, or if the charge of ^^| 
pith ball, instead of one unit, were two, thi-ee, or ini^^l 
units of electricity, the mechanical energy would alsOi^^l 
increased in the same proportion. From this it foll^^H 
that the mechanical energy required to transfer q Q^d^H 
of electricity from a sphere or point where the pote^^H 
is Pj to a sphere or point where the potential is p, i^^| 
be- M 

and this result will not be altered if the transfer, inst^^H 
of taking place by the aid of our pith ball conveyio^^H 
definite electrical charge q, were to take place by ma^^| 
of a wire carrying a continuous current, since the lai^^l 
can be considered as a succession of pith balls. luj^^l 
experiment with the slider, c is the cun-ent or quantitJ^^H 
electricity transferred in one second, and the mechai^^H 
energy represented by the current during the int«rv^^^| 
one second is therefore ^^| 

cFdv, ^M 

which by the principle of the conservation of eneq^l 
must be equal to the mechanical energy expended duiij^H 
one second in moving the slider. We find, therefore, '^^H 
relation ^H 

P=cFd. ^ 

Hie mechanical force experienced by a straight conductor 
d centimeters long, carrying a current c, and situate in a 
uniform field of intensity F, the lines of ichich are at right 
angles to the conductor, is equal to the product of length of 
conductor, current, and intensity of field. This relation is 
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of the utmost importaDce for the construction of electro- 
motors^ inasmuch as the mechanical forces thus deter- 
mined are the real source of power of these machines. It 
would^ therefore, be desirable to verify the expression 
obtained above by some other method of reasoning, and 
this can easily be done if we go back to what has been 
said about the relation existing between a current and 
the force exerted by it on a free magnet pole. It was 
then stated that experiments have shown the force to be 
equal to the product of length of conductor, current, and 
strength of pole, divided by the square of the distance. 
We assume hereby that the conductor stand at right 
angles to the line joining its centre with the pole, and 
that it be very small in comparison to the distance from 
the pole. All the straight lines which can then be drawn 
from the pole to different points of the conductor inter- 
sect it at right angles, and can be considered to be 
parallel. The conductor lies, therefore, in a uniform 

magnetic field of the intensity i^ = ^a, m being the 

li 

magnetism of the free pole, and R its distance from the 

conductor. Let d be the length of the conductor, c the 

current, and P the mechanical force exerted on the pole, 

we have 

p m c d 

~w 

as has already been shown. But since action and reaction 
must be equal, the conductor acts upon the pole with pre- 
cisely the same force as that exerted by the pole on the 
conductor ; and we find that the force tending to lift the 
conductor out of the plane laid through it and the pole 

is also equal to P. By substituting F for -^^ we have 

jti 
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therefore P = c F d, the same expression as obtain^ 
above. 

Returning now to the above example of the two htHJ 
zontal bars and the slider laid across them, let, in Fig.V 
A B, C D, represent the two bars, a b the slider, andfl 
a voltaic cell connected to the bars by wires, as shoiir 
The lines of force— not shown in the diagram — 
posed to be vertical, and therefore at right angles to % 
slider and to the bars. From wliat has been stated abol 
it will be seen that on establishing connection with 1 
voltaic cell, the current lowing through the slider f 

Fig. s. 



generate a force tending to move it along the 1 
parallel to itself This force could be utilized by attM 
ing a cord to the slider, which, passing over a pullM 
could be made to raise a weight. We have here t 
most simple case of transforming electrical into i 
chanical energy. As soon as the slider begins to mon 
it cuts through lines of force, and, as was explaiii<i 
above, by this action a difference of potential is createt 
at its ends, or, as we can also express it, the slider be- 
comes the seat of an electro-motive force. A moment's 
reflection will show that this electro-motive force must be 
directed in opposition to the electro- motive force of the 
ceU, for, were it not so, the originft\ cvn:i:e\A ^oxA^iVfem- 
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creased by tbe creation of this second electro-motive force, 
and we should thus obtain additional electrical energy 
and mechanical energy at the same time, which is clearly 
incompatible with the principle of the conservation of 
energy. If in a circuit there are two electro-motive 
forces, the cun*ent resulting from their combined action 
is proportional to their sum. Since, in this instance, the 
electro-motive force of the slider is opposed to that of the 
cell, we must consider it to be negative, in fact a counter' 
electro-motwe force, and the resultant electro-motive force 
in the circuit will be JE — «, if by JE we denote that of the 
cell and by e that of the slider. The resultant current 
is therefore found by dividing JE — e by the total resistance 
of the circuit. As the slider moves along the bars, this 
resistance is evidently constantly increasing or diminish- 
ing, according to the direction in which movement takes 
place. Not to complicate the problem by the introduction 
of a variable resistance, we shall therefore assume that 
the bars are so thick as to have practically no resistance, 
and in that case the total resistance will consist only of 

that of the slider, the connecting wires, and the cell. Let 

£ e 

that be r as before, and we find the current c = by 

r 

Ohm's law. 

The mechanical energy exerted in raising the weight 
P with a velocity of v is per second : fF=: Pv ; and that 
must be equal to the electrical energy which is the pro- 
duct of current and difference of potential between the 
ends of the slider. Let, as before, F represent the inten- 
sity of the field, and d the length of the slider, we have : 

W^cFdv 
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and since e = F d v, we have also ^| 

According to our former definition of intensity of field,^H 
represents the number of uuit Hues of force pas^^H 
througk one square centimeter of surface between i^H 
bars, and d v is the surface swept over by the slider ^^H 
one second. The product F d o represents, therefore, Ij^H 
number of unit lines cut by the slider per second. If i^H 
denote this number by z, we have also the following C^H 
pressioD for the mechanical energy represented by t^H 
raising of the weight : ^H 

w =""-'.. I 

This formula will be used later on for the determinati^H 
of the mechanical energy obtainable with a given electi^H 
motor. For the present it will be more convenient ^H 
retain the symbol e, and we write, ^H 

•r^'t-^e. ■ 

Since e = F d v, and P = c F d, yre have the relatioiij ^H 

F^ I 

from which it will be seen that with a constant spea^l 
and with a constant cuiTent the weight which the slider 
is capable of hauling up, and therefore its capacity of 
doing work, is directly proportional to the counter-electro- 
motive force. It will also be seen how mistaken is the 
notion that counter-electro-motive force in an electro- 
motor is a loss, and that those well-meaning but confused 
inventors who strive to design motors which shall have as 
JlrtJe couiiter-eJectro-motive force aBpoaa\ViVe,6« asiiiiVXv. 
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check the flow of current which works the motor, would, 

if they were successful, obtain machines which could not 

give out any power at all. 

The energy given out by the cell is jE* c, that performed 

by the slider is e c, and the efficiency of our simple motor 

is therefore 

^ e 

In order to find the condition of maximum work per- 
formed, we form the differential quotient of Wy and equal 
it to zero, the variable being the counter-electro-motive 
force e. That gives, 

o = E—2e, 
E 

If the speed of the slider be so regulated, by adjusting 
the load, that its counter-electro-motive force is equal to 
half the electro-motive force of the cell, the maximum 
possible amount of mechanical work will be performed, 
the efficiency in this case being 50 per cent. 

W max. = i — . 

r 

In order to obtain that speed of the slider, we must regu- 
late the weight P attached to the cord, so that, 

E „ EFd , E 

If a heavier weight were attached to the cord, the 
current would be greater and the speed smaller ; if a 
lighter weight were attached, the current Yfould W V^%% 
ADd the speed greater. In both directioxi*^ XNi^x^ ^:£\s5i.% ^ 
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limit which will be reached, on the one hand by redura 
the weight to zero, when the speed will he a n)axiini)| 
and, on the other hand, by using so heavy a weight i 
the slider cannot move at all, when the current will I 
maximum. These limiting values can easily be obta 
from the above formulas, and are as follows : 
Weight completely removed, 

E 



c = o,e=E,v = 



Fd: 



Weight just balances force of slider, which remaiiuH 
rest, 

„ E Fd E 



On comparing these expressions with those found for \ 
condition of maximum work, it will be seen that in 1 
latter case the current is half as great as that obtalli 
with the slider at rest, and the velocity half as { 
that of the slider with the i\'eighc removed. The statical 
pull on the slider when doing maximum work is half that 
obtained with the slider at rest. 

These investigations, although at first sight they might 
seem somewhat abstruse, because no engineer would think 
of pulling up weights by tlie arrangement of a slider as 
described, are nevertheless of great practical importance. 
Imagine that, instead of having a single slider, we place 
a number of wires on the surface of the armature of an 
electro-motor, and that we arrange to have a very intense 
field by the employment of steel or electro-magnets with 
suitable devices for comniutating the cun-ent in the arma- 
ture wu-es, which enable us to transform the rectilinear 
■notion of the slider into a continuous rotary motion ; and 
we obtain at once an eminently practical machine. This 
machine does not differ in principle from our simple slider. 
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and all the general lawB we have found above for the 
latter are therefore applicable to the former. Certain 
allowances will^ of course^ have to be made on account 
of the usual mechanical resistances and losses common to 
all mechanism^ and also on account of certain secondary 
actions and electrical losses or imperfections inseparable 
from the adaptation of an abstract or ideal machine to 
actual work ; but, in general, the laws deduced above 
hold good in practice. Thus we shall find, that if an 
electro-motor, having permanent field magnets (either of 
steel, or electro-magnets excited by a constant current), 
runs at a speed of 1,000 revolutions a minute when doing 
DO external work, whilst supplied with current at a given 
electro-motive force, it will do a maximum of work when 
loaded to such an extent that its speed drops to about 
500 revolutions a minute, the electro-motive force re- 
maining the same. If loaded more and more, say by the 
application of a brake, the speed will be further reduced 
until the armature of the motor comes to a standstill. In 
this condition, the statical moment of the armature, or the 
torque as it is also called, will be twice as great as when 
running at 500 revolutions, and the current passing 
through it will also be twice its former value. This fact 
is of importance, as it enables us to calculate the startinr/ 
power of the motor, a point of great interest in the appli- 
cation of motors to tramway or railway carriages. We 
must at once observe that so large a current should never 
be allowed to pass through the armature for more than a 
very few seconds ; and when in regular work, motors are 
generally so loaded as to run faster than half their idle 
speed, partly because the current corresponding to half- 
speed would still be excessive, and heat the wires too 
much, and partly because we are, as a rule, not content 
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witli so low an efficiency as 50 per cent. From \ 
formula for the efficiency given above, it will be i 
tbat the nearer the count er-electro-motive force 
proaches to the electro-motive force of the ( 
cutrent (a voltaic cell in our example), the nearer c 
the coefficient of efficiency approach to unity. 
obtain a high counter-electro-motive force we must a 
the motor to run at a high speed. 

It has already been shown how a slider, when moved ] 
across the lines of a magnetic field over two metallic ban, j 
can be made to produce a current in a wire joining the J 
two bars. It has also been shown how a cniTent sent I 
from an external source into the bars, and through the I 




slider, will cause the latter to move and perform mec| 
nical work. Let, in Fig. ^, A B, C D, be the 
receiving the current, and Ai -B,, C, D^, be the bs 
which the current is originated by the movement o 
slider a^ i,, and it will be clear that by perform 
mechanical work on the latter slider, we can cause 1 
slider « Zi to give out mechanical work by raising ; 
weight, as explained above. We have here the most | 
simple possible case of the elective transmission of 1 
energy. The generating system, A^ 5,, C, /J„ can be at ' 
any distance from the receiving system, A B, C D, and 
all that is required are electrical connections (wires to 
carry the current) between Ai and B, and between C, and 
D. Let the intensity of the magnetic field be Fy at the 



.gnetic field be Fy at the J 
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generator and F at the receiver, and let the pull applied 
at the generating slider be Pi, whiUt that exerted by the 
receiving slider is P ; let also r, and v be respectively 
their velocities, and e^ and e respectively the electro- 
motive forces, then the following equations evidently 

obtain : 

ei — e 

c= , 

r 

ei = Fi di »i, 

e=:Fdv, 

p _ FidiVi — Fdv j^ J 

T 

r ' 

Pi_F\d, 
P ~ F d' 

This equation shows that the pull exerted on the gene- 
rating slider, and that given out on the receiving slider, 
bear a fixed proportion to each other which is indepen- 
dent of the speed, but depends on the intensities of the 
fields and on the dimensions di d of the sliders. The 
energy expended at the generating system is 

and that given out by the receiving system is 

r 

The ratio between the two, or the eflSciency of transmission,. 

is evidently 

_ F d V 

"^^ Fidi vi 
If both systems are identical as regards dimensions and 
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atreneth of field, « = -. This would be the case wb^H 

two ideatical dynamos are employed, the one as rec^^H 

and the other as motor, both machines being a<^^| 
wound, so that the same current circulates around l^^H 
sets of field magnets. In such caees it has been ci^^H 
mary to determine the electrical efficiency of the tn^^H 
mission of energy by simply determining the speeds, ^^H 
taking their ratio. If no losses and no secondary act^^H 
would occur in the connecting wires and in the machil^^H 
no objection could be raised to this way of determio^H 
the efficiency ; but in practice there are some v^^| 
serious objections to this method. In the first place, ^^| 
two magnetic fields, although produced by the B^^H 
magnetizing power, are not of absolutely equal intens^^f 
because the magnetization of the armature produced^^f 
the current circulating through its coils has a certaia^^f 
fiuence iu altering the intensity of the magnetic field, ^^H 
this alteration is different in a motor from what it is U^| 
dynamo. Iu the second place — and this is a fatal objeo*^ 
tion — any leak or loss of current taking place at some in- I 
iermediate point iu the wires by which the machines are 1 
connected, instead of lowering the eflSciency, as deter- 
mined by the speeds, has actually the effect of making it 
appear higher than it really is. This will become obvious 
by reference to the equation for the counter- electro-mo- i 
tive force of the receiving machine. Since e ^ Fd v, any 
reduction in F, consequent upon the loss of some of the 
magnetizing current through a leak in the line, has 
naturally the effect of increasing r, the velocity of the 
receiving machine, and thus it may happen that through 
the development of a fault in the insulation of the line 
the ratio of speeds will increase, tlius showing apparently , 
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an increase of efficiency, whereas in reality the system 
has become less efficient. The variables in the above 
equations are v^ v^ P, and P^ ; the dimensions of the 
machines (or sliders) d and d^^ and the intensities of the 
fields being constant. Since the ratio between the static 
efforts, P and Pi, is also a constant, the number of 
variables is reduced to three, and, if two of these are 
given, the third can be found. As an example, we will 
take the case that the load P to be put on the receiving 
machine shall be given (say, for instance, the pull re- 
quired to haul up a train on a steep gradient, but neglect- 
ing for the moment the difference in pull caused by varia- 
tionsL of speed) and the speed Vi of the generating machine 
shall also be given. We require to know the power neces- 
sary to drive the generating machine, and the speed and 
energy developed by the receiving machine. From the 
equation for P, we find immediately the speed of the 

receiving machine, 

F^d^ rP 



V ^ V 



V 



I 



^ F d F' d}' 

As will be seen, this speed is not directly proportional to 
the speed of the generator, and if the latter be increased 
the speed of the receiver will increase in a somewhat 
faster ratio. Since the ratio of speeds enters into the 
fonnula for the efficiency, it will be evidently advanta- 
geous to work the machines at the highest possible speed 
consistent with mechanical safety. On the other hand, if 
we lower the speed of the generator beyond a certain 
point the receiver will not be set in motion at all. 

This will happen if v^ y-^ = ^pir^, 

- ^^ 

""'-PdF.d: 
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In thifl case the efficiency is zero. The minimum speed J- 

of the generator is therefore dependent on the dimenaiona ';m: 

of the two machines and on the strength of the two fields, ,., 

and is inversely proportional to the product of these four !i_ 

quantities. t- 

The mechanical energy which has to be applied to the ' ,. 

F, d, 
generator is Wi = P f , - , 

and that obtained from the receiver is 
J-.rf, _ rP' 
''F d F' d" 
the difference between the two being lost. Thia 

we must regard as energy transformed in a way not suit- 
able for the purpose in view. Since it does not appear in 
the shape of mechanical energy we must expect to find ii 
appearing in the shape of heat, and this is indeed ths 
case, as can easily be proved. It has been pointed out 
above that the static pull is the product of current, field- 
intensity, and the dimension of the machine. The 



fr= 



which is represented by the expression 



I 



quotient 



Fd 



represents, therefore, nothing else but the 



current flowing through the circuit, and the above term 
for the energy lost can also be written in the ffirm ' 

which, as is well known, represents the heat developed I 
by the passage of the current c through a circuit, the 
electrical resistance of which is r. Thus the whole of the 
energy appUed at the generator is accounted for, partly 
by that given out by the receiver, and partly by that 
used up in heating the circuit. It need hardly be men- 
tioaed (hat the formulas given here for the transmission 
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of enei^y refer to ideal machines which are free from all 
other losses, both mechanical and electrical, but that in 
actual practice these other losses cannot be neglected, 
and considerably complicate the problems to be nolved. 
The author, nevertheless, has thought it advisable to 
enter at some detail into the case of transmission of 
energy by means of ideal machines, not becaune the 
formulas obtained are immediately applicable to practical 
cases, but because they form the basis of other formulas 
suitably altered for practical purposes, and which will 
be given in a subsequent chapter. The example cited is 
also intended to show how easily and simply the system 
of absolute electro-magnetic measurement can be applied 
to apparently complicated problems. Before leaving this 
subject we must refer to the relation between electrical 
units in absolute measure and those units commonly 
used in practice. The units as given in the centimeter- 
gram-second system are of inconvenient magnitude for 
practical purposes ; some of them are so small that 
millions and even larger figures are required to express 
quantities commonly dealt with in practical work, and 
others are, again, so large as to necessitate the use of 
fractions. We had already occasion to refer to the three 
units most often occurring in electro-mechanical pro- 
blems, viz., current, electro-motive force, and resistance. 
The unit of quantity of electricity has also incidentally 
been mentioned as represented by that amount of elec- 
taical matter which a given current conveys in one second. 
For the sake of completing the list we must also mention 
a property of conductors called their capacity^ by which 
term we mean their capacity or power to hold an elec- 
trical charge. The capacity is measured by the (quantity 
of electricity with which a body can be chargedi xmSi^et wi 
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electro-motive force equal to unity. The relation betweei 
the so-called practical units and their equivalents in th 
centimeter-gram-second system is as follows : — 



Name of Electrical Quantity. 


Practical Unit. 


Equivalent c. g. i 
Unit. 


Current strength . 


. Ampere . 


. 10^ 


Electro-motive force 


. Volt. 


. 10" 


Eesistance 


. Ohm 


. 10' 


Quantity of electricity 


• Coulomb . 


. lOr^ 


Capacity 


Farad 
* ( Microfarad 


• lo-* 

. 10-^* 


Rate of doing work 


. Watt 


. 10' 



CHAPTER II. 

First Electro-motor — Professor Forbes' Dynamo — Ideal Alternating C'ur- 
rent Dynamo— -Ideal Continuous Current Dynamo — Siemens* Shuttle- 
Wound Armature — Effect of Self-induction — Experiments with Electro- 
motors — Hefner- Alteneck Armature — Gramme Armature — Pacinotti 
Armature — Electro-motiye Force created in any armature. 

In the preceding chapter it was shown how mechanical 
energy can be converted into that of an electric cur- 
rent, and how the electric energy represented by a cur- 
rent flowing under a given difference of potential can be 
reconverted again into mechanical energy and do useful 
work. The apparatus employed for this double conver- 
sion was assumed to be of extremely simple form, in order 
to limit our investigation to the fundamental laws with- 
out obscuring these laws by the introduction of secondary 
actions and losses. It will now be necessary to confront 
the subject from a somewhat more practical standpoint, 
and to show how the conversion between mechanical and 
electrical energy can be obtained with machinery of a 
practical form. As a first step towards a practical 
solution of the problem to produce motive power by an 
electric current, we must consider Barlow's wheel,* in- 
vented by Sturgeon and Barlow about seventy years 
ago. A star-shaped wheel was mounted on a horizontal . 
axis and set over a trough containing mercury in such 

^ Barlow, *' On Magnetic Attraction." London, 1823. 
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way that during rotation of the wheel one or two spnkea 
were always dipping into the mercury. Fig, 10, A per- 
manent steel magnet N S was placed in such position 
that the lines of force joining its two poles passed trana- , 
versely acroas the plane of rotation of the wheel, and upon 
sending a current through the wheel in the direction in- 
dicated by the arrows, rotation was produced in the oppo- 
site sense to the hauds of a watch as seen from the side 
on which was placed the N pole of the magnet. It will 
be seen at a glance that this apparatus is nothing else 
but our arrangement of a slider in rotary form, the lines 




of the magnetic field being in this case horizontal where 
they cut through the wheel. Each spoke is a slider 
coming successively into action as its extremity touches 
the mercury in the trough and is thus put in electrical 
connection with the rest of the circuit. It was also found 
that the experiment succeeded if, instead of a star wheel, 
a plain metallic disc was employed, the lowest point of 
the circumference just touching the mercury. In 1831 
Faraday reversed the experiment and obtained an 
electric current from a disc rotating between the poles of 
a magnet. Fig. 1 1 . The magnet was so placed that the 
induction between the poles, that is, the lines of force 
■ from one pole to the other, should pierce the 
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surface of the disc, and the current was taken off by 
contact springs on the axis and on the circumference ; 
the latter being placed on the radius of greatest induc- 
tion. Lately Professor George Forbes has constructed 
dynamos on the same principle, the only difference being 
tbat, instead of using a permanent steel magnet, he uses 
an electro-magnet which becomes excited by the current 
produced. Professor Forbes' machine ^ is remarkable for 
the very powerful current it produces as compared to its 
small size. He has devised several modifications, but 

Fig. 11. 




for our purpose it will be sufficient to describe one of his 
arrangements. The armature of this dynamo, which is 
illustrated in Fig. 12 in longitudinal section, consists of a 
wrought iron cylinder without any wire on it. The field 
magnet is a closed iron casing surrounding the armature 
on all sides, and containing two circular grooves of taper- 
ing section into which are laid the exciting coils Ey 
formed of insulated copper wire. If a current passes 
through these coils, it produces lines of force which com- 
pletely surround each coil, and which pass partly through 
the iron shell C D forming the field magnet, and partly 
through the armature A. The general character of 
these lines is shown by the dotted curves. It will be seen 
that as the armature cylinder revolves it becomes the 

^ See " The Engineer " of Julj 17, 1885. The author is indebted to the 
editor of that paper for the one of the engraring. 
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seat of electro- motive forces acting at right angles t 
lines, as indicated by tlie arrows, and if we provide i 
bing contacts at the ends of the cylinder we can obi 
the current due to these electro-naotive forces, 
contacts are arranged at the inner periphery of ( 
exciting coils, and consist of a series of carbon blocks 




held in two copper rings, which are connected to the two 
terminal plates G G. The current is thus taken off all 
around the armature, and the latter contains absolutely 
no idle portion. This is one of the leaaona why the 
machines are so powerful as compared to their size. The 
other reason is that the intensity of the magnetic field is 
very great. As will be shown in a subsequent chapter, 
when the theory of continuous current motors will be 
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ren, the inteDstty of the magnetic field is iho grpater 
smaller the clearance between the polar surface of the 
magnet and the core of the armature. In raotont or 
dpamos, which contain copper wire coiled over the 
armature core, this clearance is neceesarily greater than 
in Professor Forbes' dynamo, where the space between 
annature and magnet is just sufficient to allow of free 
TotatJon. The following figures will serve to give an idea 
of the relation between the size of these machines and 
their output of electrical energy. A dynamo having an 
annature six inches in diameter and nine inches in length, 
will, when driven at a speed of 2,000 revolutions a minute, 
give a current of 5,000 Amperes at a difference of poten- 
tial of two Volts. According to the inventor, an arraa- 
tnre four feet in diameter hy four feet in length would 
produce an electro-motive force of sixty Volts when 
driven at a speed of 1,000 revolutions a minute. If we 
Trere to allow the current to increase in the same propor- 
tion as the area of the aiTiiature cylinder, this machine 
could produce 320,000 Amperes, and would require about 
30,000 h.-p. to drive it. This heavy current would, how- 
ever, generate more heat in the metal of the armature than 
coold be dissipated at a moderate temperature, and the em- 
ployment of such an enormous power at the high speed of 
1,000 revolutions is of course out of the question, but on 
purely theoretical grounds it is interesting to notipe how 
easily our simple experiment of the shder when suitably 
arranged in rotary form will lead to results which on ac- 
count of their magnitude are quite beyond the capability 
of modern engineering. Dynamos similar to that just de- 
scribed are generally called Unipolar Dynamos. Pro- 
fessor Forbes prefers the title Non-polar Dynamos, and 
with good reason, for, as was pointed out already in the 
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first chapter, a magnet with only one pole is a phyal 
impossibility. All the dynamos of this class have t 
disadvantage of requiring to be driven at a very high 
speed in comparison with the electro-motive force they can 
produce. The reason lies in this, that the length of con- 
ductor cutting through the field is limited by the size of 
the armature. These machines are practically nothing 
else but dynamos having only one turn of wire wound 
on their armature core. An ideal machine of this kind is 



shown in Fig. 13. The field magnets N S are placed 




horizontally opposite each other, and their polar surfaces 
are bored out to form a cylindrical cavity within which 
one single turn of wire can be revolved by means of a 
crank. One end of the wire is joined to the axis A A, 
and the other to a metal sleeve M, rubbing contact 
springs B, B^ being arranged in order to take the cur- 
rent off the sleeve and axis respectively- The lines of 
force pass horizontally across the cyhndrical cavity &om 
N to S, and those which are contained within the space 
swept by the wire are cut twice during each revolution. 
The effect is the same as if we had attached our slider to 
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a crank and by turning the latter had caused the slider to 
assume a reciprocating motion across the lines of the 
field. In that case, when the crank is vertical, that is, 
parallel to the lines of the field, the speed of the slider is 
a maximum, and therefore its electro-motive force is also 
a maximum. As the crank approaches either of its dead 
points, where it is horizontal, the speed of the slider and 
its electro-motive force diminishes and becomes zero at 
the moment the motion is reversed. From what was said 
in the preceding chapter, it will also be seen that the 
direction in which the electro-motive force acts depends 
on the direction of motion, and the current produced must 
therefore be alternating. If we plot the angles of the 
crank on the horizontal, starting from any given position, 
say, for instance, from its position at tbe end of the 
stroke, and the electro-motive forces on the vertical, we 
obtain a graphic representation of the relation between 
these two quantities. In a uniform field, where the 
electro-motive force depends only on the speed of the 
slider, but not on its position in the field, the electro- 
motive force is evidently proportional to the sine of the 
angle of the crank, and is given by the expression 

E •= F d (0 sin a, 
where a is the circumferential speed of the crank, and a its 
angular position, the other symbols being the same as before. 
It will be seen that E = o, for a = o and a = ^r, whilst for 

a=-ora= — -yE attains its greatest numerical value, 

being positive or negative according to the sign of the 
angle. The same relations obtain in the ideal alternating 
current dynamo, Fig. 13. If the crank is in the position 
shown, the wire is in the middle of the S pole piece and 
cuts the lines of force at maximum speed ; if the crank is 
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vertical, the wire moves parallel to the lines, and its i 
of cutting lines is zero. This position corresponds t 
end of the stroke with an oscillating slider. Wheu.l 
crank is again horizontal, but pointing to the left, ^ 
wire is in the middle of the N pole piece, and agaia 
speed across the lines, or its rate of cutting lines, anda 
electro-motive force are maxima, but the current ■ 
be in an opposite direction to what it was at first. If ^ 
crank be turned in the direction indicated by the arp 
the cuiTent will leave the machine at the contact epil 
B^ during the time the crank is on the right-hand sidi 
the vertical diameter, and it will flow from B^ throi 
the external circuit, and enter the machine at B^ dm 
the time the crank is on the left-hand side of the vert 
diameter. Let n be the number of revolutions 1 

minute, then — 2 a- /■ = ii, the circumferential speedj 

the wire, and the maximum of electro-motive force, a 
spective of sign is evidently 

Now 2 r d \s the total space swept by the wire, 
F 2 r dis the total number of lines passing through t 
space ; let z be that number, and we find for the mag 
mum of electro-motive force the expression. 
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During one half revolution the electro-motive force i 
creases from zero to this maximum, and then decreal 
again to zero. As far as practical applications of ti 
dynamo are concerned, it is not the maximum e]ectro-m(P 
tive force which we require to know, hut the mean electrv- 
tnotioe force, which acting during the same time as the 
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yariable electro-motiyeforce, would cause the same quautity 

of electricity to flow through the circuit. Let, at any given 

moment, the wire occupy a position defined by the angle 

a from the yertical, and let it advance through an angle 

J a during the time J ^ then the quantity of electricity 

flowing through the whole circuit of resistance R is 

evidently 

^ F d (0 sin ait 
<>!? = R ' 

n . 3a N F d r . ^ 

ana suice « = r «— . . . . 6 q =. — =— sin a o a, 

t Jti 

During one half revolution a increases from zero to iCy and 
the integral of the above expression taken between these 
limits gives 

7 = 2-^. 

The time occupied in this transfer of q units of electricity 
is ^ = — -^ and if, during that time, a constant electro- 

motive force E^ were acting, the quantity transferred 

E^ Tc r 
would be -^ . If this quantity is equal to y, we con- 
sider E^ the average electro-motive force, and its value 
is given by the equation 

E' :=^Fd0i. 

Since Fd ai& the maximum electro-motive force generated 
at the moment when the wire is cutting the lines of the 
field at right angles, we have also 

E'=—E. 

TT 

It should be noted that the mean value oi E MF as here 
defined refers to the total quantity of electricity which 
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the apparatus ia capable of forcing through a given 1 
siBtance, but not to the amount of work produced i 
transformed into heat in the resistance. Inserting | 
value for E from equation 1, we find the average eletfl 
motive force 



z being, as before, the total uumber of lines contai 

the space swept by the wire, whilst ^ is the numbi 

revolutions per second. 

In the ideal alternating current dynamo represented , 
in Fig. 13, the wire in which the currents are generated | 
is arranged to one side of the spindle only. We could 
easily improve the design by carrying the wire symmetri- i 
cally to the other side of the spindle, but insulated from 
it, and attach its end to a second metal sleeve insulated I 
from M. The contact sprbg or brush B^ would then have I 
to be set so as to touch this second sleeve, and since the 
electro-motive forces created in the two wh-es are at any 
moment in the same direction as regards the circuit — 
although opposite as regards a fixed point in space — this 
improved dynamo with two wires will give double the 
' electro-motive force of the original arrangement. Wa 
could still further increase the electro-motive force by 
coiling the wire several times round the axis, forming a 
rectangular coil, each convolution being insulated from 
its neighbours, and if the number of turns counted on 
both sides of the spindle is Nt, the average electro-motive 
force will be 

For most practical purposes, and especially for the trans- 
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mission of energy, alternating currents are, however, not 
80 convenient as continuous currents, and to produce the 
latter it will be necessary to add to our dynamo a device 
by which the currents are all directed to flow in the same 
sense as far as the external circuit is concerned. Such a 
device is the commutator^ and its action can be explained 
by reference to Fig. 14. In the position shown, the 
electro-motive force created in the wire a b will be 
directed towards the observer, and that created in the 
wire c d will be directed from the observer. The ends 

Fig. 14. 
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of these wires are joined at the back by a cross connec- 
tion a c, and at the front by two wires df and b g^ to 
the two halves of a metal cylinder, which for the purpose 
of insulation are secured on a wooden hub. The electro- 
motive forces created in d c and a b tend to draw a cur- 
rent from the line in the direction of the arrow to the 
brush -B|, thence through fd^ c a^ b g^ to the brush B^ 
and out again into the external circuit. This process will 
go on until the crank reaches the lower vertical position, 
tbe strength of the current meanwhile decreasing to zero. 
When the crank is vertical, each brush touches simul- 
taneously both halves of the metal cylinder or com- 
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mutator, as it is technically termed, and a moment | 
the connections become reversed, the brush B^ 
touching the half cylinder to which the wire f ia| 
tached, and the brush B^ touching the half cylindfll 
which the wire y is attached. But, at the same time, fl 
direction of electi-o-motive force in the two wii-es has beeoi; 
reversed, the wire c d entering the right-hand side of the I 
field, and a b entering the left-hand side. Consequently 1 
the external current flows in the same direction as before \ 
growing from zero to a maximum when the crank stands a, 
horizontally on the left, and again diminishing to zeroti 
when it is vertical. Graphically represented, the current 1 

Fig. 15. 



is of the character shown by the curve. Fig. 15, the 
abscissae being consecutive angles of the crank, and the 
ordinates being proportional to the sines of these angles. 
It should be noted that the reversal of current always 
takes place when the electro-motive force is zero, and con- 
sequently the change in the contact with the brushes from 
one commutator plate to the other takes place without 
sparking. To increase the power of the machine, we can 
replace the single rectangle of wire by a coil of many 
turns. Fig. 16. Hitherto we have tacitly assumed that 
the space contained within the wire coils foi-ming the 
armature contains air or other non-magnetic substance. 
The lines of force passing between the polar surfaces 
5iVhave to leap across a considerable air space, and if 
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by some means we could shorteD that portioD of their 
path which lies entirely in air, we would facilitate the 
fiow of lines and increase the strength of the magnetic 
field. Roaghly speaking, we may take it that air offers 
to the lines of force about 800 times the resiMtance of 
iron, imd if we can contrive to fill part of the space 
between the polar surfaces with iron, a considerable in- 
crease of electro-motive force, and coDsequently of cur- 
rent, will be the result. The space available for this 
purpose is that contained within the armature coil ; in 
other words, to increase the power of the machine we 
must wind the armature coils over an iron core. An early 
Fig. 16. 




dynamo constructed on this principle is that of Siemens, 
invented in 1855, and provided with the so-called sbuttle- 
wound armature. The core consists of an iron cylinder 
povided with two deep longitudinal grooves placed oppo- 
aite so that the cross-section resembles a double T with 
rounded heads. The wire is wound into these grooves, 
and the two ends of it are joined to the plates of a two- 
part commutator. Fig. 17 shows a cross-Bection of this 
armature. In the first machines the core was in one 
solid piece, but it was found to heat considerably on 
account of internal currents. It is well known that if a 
solid body of metal be rapidly rotated between two 
powerful magnet poles it becomes hot. The reason for 
this phenomenon is that the outer portions of the metal 
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in cutting through the lines of foi-ce become themsen 
the seat of electro-motive forces acting at right anglal 
the direction of motion and to the lines, and powe| 
currents are started parallel to the axis which raid 
opposite directions, up on one side and down on the o 
side of the axis. In a solid armature core there 
nothing to check the flow of these currenta hut the I 
sistance of the metal, which, on account of the lai 
cross-sectional area, is extremely low. These wasteful 
currents are consequently very strong, and not only . 
absorb much power, but they also weaken the current J 
generated in the copper wire by induction. To avoicl ] 




their creation, it is necessary to subdivide the mass of the 
core by planes at right angles to the axis, and to insulate 
as much as possible the subdivided portions from each 
other. This can be done either by cutting deep narrow 
circular grooves in the core, or by building it up of thin 
discs insulated from each other either by paper discs or 
by being coated with some insulating paint. These arma- 
tures are not much used for dynamos at the present day, 
having been replaced by more perfect forms to be de- 
scribed presently ; but they are still extensively employed 
for small electro-motors. By referring to Fig. 15 it will 
be seen that the counter-eJectro-motive force of these 
motors ia a variable quantity depending on the angular 
position of the armature. If the heads of the double 
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T core are opposite the field magnet poles, the coil is at 
right angles to the lines of force and the counter-electro- 
motive force is zero. This happens precisely at the moment 
when the brushes touch simultaneously both plates of 
the commutator, and are therefore short circuited. A 
current sent through the motor while at rest in this 
position cannot start it, and this condition is expressed by 
saying that the armature has two dead points. • When at 
work the momentum of the armature is sufficient to carry 
it over the dead points, and, apart from the inconvenience 
to have to start the motor occasionally by hand, these 
dead points present no mechanical imperfection. But it 
might be thought that they present a serious electrical 
imperfection for the following reason: The strength of 
the current which is allowed to pass through the motor 
at any given moment depends partly on the electrical 
resistance of the motor, and partly on its counter-electro- 
motive force at that particular moment. But since at the 
dead points there is no counter-electro-motive force, the 
strength of the current will be a maximum, whilst at 
those moments the mechanical energy produced is nil. 
We assume here that the motor is fed by a current flowing 
under a constant electro-motive force, which is the case 
most commonly met with in practice. We have now to 
distinguish between two cases : the motor may be either 
series wound or shunt wound. If the former, the current 
is passing through the motor whilst the armature is at a 
dead point has only to overcome the resistance of the 
field magnet coils. If the armature is in the position of 
greatest counter-electro-motive force the current has to 
OYercome not only that, but also the combined resistance 
of field magnet and armature coils. In that position the 
mechanical energy of the armature is at its greatest 
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value, but tbe strength of the ciirrent is a minimum, "^^^H 
£nd, therefure, on the one hand, that the Etrength of ^^| 
field magnets (which depeud^i on the current) is leag^^H 
the very moments ivhen t)ie armature is in a posi^^H 
to exert most power, and on the other hand, that i^^H 
greatest -when the armature is at its dead pointe and c^^H 
not exert any power. From the foregoing we sho^^H 
expect that twice during each revolution a great wi^^H 
of current must take place when momentarily the bm^^^f 
are short-circuited by the commutator. Although the t^^H 
during which such short circuits lasts may appear to ^^| 
senses very brief, it would in comparison with the &P^^| 
of electric phenomena be still considei'able, and bave^^l 
appreciable effect on the economy of the motor. S^^| 
there is one circumstance which greatly tends to mit!g^^| 
the evil efllect of the dead points just described, and^^H 
is the property of electric currents called self-induct^^^ 
It can best be described as a kind of inertia oppo^^H 
any sudden change in the strength of the current ^^H 
circuit contains a coil of wire surrounding iron (as in ^^| 
present case the field magnets) the self-induction ii^^| 
great that it requires an appreciable time to change ^^| 
strength of the current. The increase of current at ^^| 
dead points is, therefore, checked by this property of B^^| 
induction, and the current, instead of being subjected^H 
abrupt and violent changes, becomes simply undulat(^^| 
The case is different if the motor be shunt-wound a^H 
fed from a source of constant electro-motive force. SiiwiPV 
the field magnet coils are excited independently from the 
current which passes through the armature, their self- 
induction cannot in any way steady that current, and 
abrupt changes in its strength and great waste of 
electrical energy must occur at the dead points. This i& 
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a matter of considerable practical importance, and Bhows 
that motors with shuttle-wound armatures should never 
be used coupled up otherwise than armature and field 
magnets in series. If it be absolutely necessary to use a 
motor of that class, the field magnets of which are either 
permanent steel magnets or are electro-magnets excited 
independently^ the waste can to a certain extent be pre- 
vented by inserting into the armature circuit an electro- 
m^net which will by its self-induction steady the current. 
Since this point is of importance, the author has thought 
it necessary to verify the above theory by experiments. 
These were undertaken with a twofold object. Firat, to 
prove that in a series-wound motor there is no appreciable 
waste of current at the dead points, and, secondly, to 
prove that in a motor the field magnets of which are 
separately excited, such waste occurs. The experiments 
were carried out as follows. Two small Griscom motors 
were placed in line behind each other, and their spindles 
were coupled, so that the armatures stood at right angles 
to each other, that is to say, when one armature was at its 
dead point the other was in the position of best action, 
and its counter-electro-motive force was a maximum. 
This disposition is represented in Fig. 15 by the dotted 
curve overlapping that shown in full lines by 90®. The 
resultant counter-electro-motive force is at any point the 
sum of the ordinates of the two curves, and is shown by 
the undulating line a b. It will be seen that this curve 
nowhere touches the horizontal and, therefore, the total 
counter-electro-motive force of the two motors coupled in 
series never is zero. An abnormal rush of current at the 
dead points of any of the armatures can, therefore, not 
take place. The motors were supplied with a current, 
the electro-motive force of which was kept as nearly as 

F 
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possible constant during each experiment, whilst tin 
mechanical energy developed was measured on one of tli4 
author's absorption dynamometers. The commercial effi- 
ciency of the two motoi's combined was thus ascerUtineA^ 
as shown in Table I. The motors were theti campled 
parallel, and their efficiency was determined under the 
Name conditions. In this case there were, during eacH 
revolution, four dead points, at which the counter— 
electro-motive force was zero, and when an abnormal, 
rush of current could take place if not checked by the 
self-induction of the magnet coils. As was to be ex- 
pected, the current passing through both motors was about 
double, and its electro-motive force was about half of 
the former values. But the commercial efficiency was 
about the same, Table II. One motor alone was then 
tried, and its commercial efficiency was found to be about 
the same as that of the two motors combined. Table 
III. The field magnets of both motors were then excited 
separately, aud the amiatiu-es coupled at right angles 
and connected iu series, as per Fig. 15, when the coni- 
merciai efficiency was found to be rather higher than in 
the former experiments. Table IV. This is but natural, 
because the energy necessary to excite the field magnets 
was not taken into account when calculating the efficiency, 
The two armatures were then coupled parallel — field 
magnets still independently excited — and thus during 
each revolution there were four points where the counter- 
el ectro-motive force was zero and waste of current did 
take place, as is clearly shown by the low efficiency in 
Table V. One motor alone was then tried under the same 
conditions and the same result was found. Table VI. 
These experiments prove conclusively that our above 
reasoning about the effects of the dead points is correct. 
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Test of Two Griscom Motors, Numbers 1017 and 1027. 



SeBistance of . 


. N" 1017 . 


. N" 1027 


Armature 


•328 . 


•352 


Magnets 


•596 . 


•522 


Total . 


•924 . 


•874 



Table L Armatures Coupled at Right Angles^ both Field 
Magnets and Armatures connected in Series, 



Reyolutions per 
minute. 


r^ -r* ^m rj> FoOt PoUnds 

Cnirent. . E. M. F. „„ ^^^ 


Commercial 
Efl5cienc77o. 


2,440 
2,368 
2,440 


l-Zl 6-90 
3^85 18-20 588 
350 16-00 535 



190 

21-7 



Table II, Armatures Coupled at Right Angles. Each 
Armature in Series with its Field, Both Motors connected 
Parallel. 



Bevolations per 
minute. 


Current 


E. M. F. 


Foot Founds 
on Brake. 


Commercial 
j Efficiency °/o. 


2,120 


2-35 


2-94 





1 

1 


2,480 


5-25 


6-05 


206 


14-7 


2,775 


6-60 


7-57 


432 


19-5 


2,340 


6-80 


7-52 


366 


16-3 


2,060 


7-50 


7-63 


450 


18-0 


2,884 


7-90 


9-27 


748 


23-0 


2,328 


7-60 


8-50 


578 


21-0 



r 
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Talk- in. One Motor only. Armature and Field Ma^ 




nets connected in Series. 




1 


Foot PoUDdB 


Commwiid 




minute. 




on Bntke. 


Efficiency Vb' 


1,980 


1-02 


4-00 










2,024 


4-15 


8-20 


303 


28-0 




1,772 


4-15 


8-40 


265 


17-0 




2,334 


4-22 


9-25 


381 


22-3 




1,954 


3-82 


8-10 


246 


18-0 




2,241 


3-70 


8-25 


283 


20-9 




2,118 


3-50 


7-60 


240 


20-5 




2,070 


5-37 


12-00 


532 


18-6 


Table IV. ArmatuTes coupled at Right Angles and Con 




nected in Series. Field Magnets excited separately. 


Bevolutiona per 
minule. 


Current. 


E. M. F. 


Fool Pounds 
on Brake. 


a.[nmBr<:iil 
Effidenoj"/. 


1,536 


1-42 


7-20 










2,030 


3-30 


11-10 


370 


22-8 




1,632 


3-10 


9-50 


300 


23-2 




2,190 


3-70 


12-90 


483 


22-7 




2,264 


3-93 


13-40 


500 


21-4 


Table V. Armatures Coupled at Right Angles and Cot 




nected in Parallel. Field Magnets excited separately. 




















on Brake. 




2,000 


3-90 


4-40 










3,040 


4-50 


5-20 










1,094 


7-50 


5-50 


242 


13-3 




1,746 


8-50 


6-60 


385 


15-6 




1,680 


9-10 


7-50 


396 


13-1 


t 


4, ^^l 


J 
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Table VL One Motor only. Field Moffnets excited 

separately. 



ReToIutions per 
minute. 


Current. 


' Foot Pounds 
*'• M. r. ^,n Brake. 


Commercml 
Efficiency «>/o. 


1,778 
2,330 
2,422 


1-65 
4-80 
4-75 


3-80 
5-60 
5-80 



87 
126 




7-4 
10-3 



As already mentioned, motors with ordinary shuttle- 
wound armatures have the disadvantage of requiring to 
be started by hand if they happen to have stopped on a 
dead point. They are, consequently, only made of 
small size, and for larger motors armatures without dead 
points are used. Such an arn^ature can be evolved out 
of the simple shuttle-wound pattern by employing two 
sets of coils placed at right angles to each other. This 
arrangement is shown in Fig. 18, which represents the 
Hefner- Alteneck winding invented in 1872. In order to 
avoid complication the shaft is omitted and the core is 
indicated by two dotted circles. From what has already 
been explained it will be seen that in all those wires 
which at a given moment lie on the right hand side of the 
vertical centre line, the electro-motive force is directed 
towards the observer, and in all the wires lying to 
the left of that line it is directed from the observer. 
The diameter of commutation joining the points of con- 
tact of the brushes with the commutator cylinder will, 
therefore, be horizontal. In the position shown the nega- 
tive, or left brush, will touch segment Z>, and the right 
or positive brush will touch segment B. The current 
enters the armature at the negative brush and splits into 
two circuits as follows : — One portion goes through VII., 
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7, S', VIII., I., 1, 2, II., and out by the positive aegi 
B ; the other goes through VI., 6, 5, V., IV., 4, 3, I 
and out by the same segment B, The two currents a 
therefore, in parallel connection. When the armatnni 
has turned so far as to bring the segment C into contacP 
with the negative brush it will touch for a short time ( 
both segments D and C, whilst the positive brush will 4 




simultaneously touch A and B. In this position the 
wires I., VI., V., II. will he in the strongest part of the 
field, and the wires VII., IV., III., VIII. will stand on 
the vertical diameter and contribute nothing towards tbe 
total electro-motive force. The current now splits into the 
following two circuits : From Z> to VI., 6, 5, V., to A, 
and from Cto I., 1, 2, II., to B. In this case the total 



HEFNER- ALTENECK ARMATURE. 71 

electro-motive force is that due to two wires in the position 
of best action, whereas in all the other positions it is due 
to four wires. It has been shown above that the average 
electro-motive force of a loop such as I., 1, 2, II., con- 
sisting of two external wires (iW = 2) is 

Since two such loops are placed in series, we find the 
average electro-motive force of the whole armature 

But 8 is the number of wires counted all round the 
armature ; and if, instead of a four-part commutator, we 
Iiad employed a six-part commutator, and had wound the 
core with three sets of double coils, we would have three 
coils in series and the expression for Ea would have been 

there being twelve external wires on the armature if 
counted all around. We might thus construct armatures 
with any even number of external wires. Let Nt be that 
number, and we have the general expression for the 
electro-motive force created in the armature of a dynamo, 
or the counter-electro-motive force created in the armature 
of a motor : 

Ea = NtZ ~ 3 

oO 

For the sake of simplicity we have, in Fig. 18, only shown 
one wire to each coil. It is, however, obvious that by 
multiplying the turns or wires in each coil the electro- 
motive force can be proportionately increased. This case 
is provided for in formula 3, where iV signifies the number 
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of coils, and t the Dumber of turns in each coil, the prdi 
duct of the two being equal to the total number of siiig;li 
wires if counted all around the armature. An nrmatuea 
of the Hefner-Alteneck pattern with eight-part comnm* 
tator, is shown in Fig. 19. Denoting by Roman figiu^ 
the ends of the wires on the front end of the armature^: 
Fig. 18. 



'3 



and by Arab figures those on the rear end, the winding is 
as follows : 

[l., 1, 2, II.. III., 3, 4, IV., v., 5, 6,] 
From the VI., VII., 7, 8, VIII. To the 

negative ] XVI., 16, 15, XV., XIV., 14, 13, [ positive 
brush to XIII., XII., 12, 11, XI., X„ 10, brush. 

I 9, IX. j 

The greater the number of parts in the commutator the 
more nearly constant will be the electro-motive force and 
cun-ent. Tins system of winding armatures has the great 
advantage of utilizing nearly the whole length of the 
wire, since, with the exception of the cross connections at 
the ends, all the wire is active. But it has the practical 
disadvantage thatrepairs are troublesome to execute. If 
.a fault of insulation should develop in any of the coils. 
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in order to reach it, a large portion of the wire must be 
taken off^ because the coils — especially at the ends — 
overlap each other in many layers. In this res|>ect the 
style of armature known as the Gramme, or Pncinotti 
type, is preferable. A circular iron ring. Fig. 20, is 

Fig, 20. 




'/ o 
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wound with a continuous helix of insulated copper wire, 
and certain points of the helix are joined by connecting 
wires, which in our illustration are shown radial, to the 
commutator plates. Two brushes, Bi and B2, serve as 
connections between the external circuit and the armature 
wire. The action of the Gramme armature will best be 
explained by reference to Fig. 21, which shows the lines 
offeree. It has already been pointed out that iron offers 
very much less resistance to the passage of magnetic lines 
of force than air. If there be no armature between the 
field magnet poles, we assume that the majority of the 
lines will go straight from pole to pole, Fig. 22. If now 
a circular core is inserted, their course* will be so altered 
that each line takes the path of least resistance — that is, 
runs as long as possible in iron, and only leaps across the 
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air at the external circumference uf the core, because | 
is the only way in which it cau enter the pole i 
Fig. 23. At the internal circumference of the armaf 




there is no necessity for the lines to leave the core, i 
the central space is therefore almost free of lines. We d 
almost, because parallel lines exert a repelling action n 




each other, and it may happen that in case the core is thin, 
and a large number of lines have to be accommodated, 
some of them may be elbowed out into the central space. 
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In weil'deBigned machioes the namber of Hoes thus forced 
■cross the central space is always so small m to be 
omissible. The fact of the central space being free 
from lines ; or, as we m&j also put it, being shielded by 
the iron of the core from the influence of the magnet 
poles is of great imi>ortance, since in consequence of it 
the inner wires of the helix are removed from all induc- 
tive action. If this were not the case electro-motive 

Figf. 83. 




forces would be created in these wires, which, being 
opposed to the electro-motive forces developed in the 
external wires, would weaken the power of the machine. 
After what has been explained at length with reference to 
the ideal continuous current dynamo, Fig. 14, it will be 
easy to trace the direction of electro-motive forces in the 
external wires of the Gramme annature, Fig. 20. If 
rotated clock- wise, the electro-motive force will be directed 
towards the observer in all the wires lying to the right of 
the vertical centre line, and from the observer in the wires 
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OQ the opposite Bide. The two currents resulting &^| 
these forces are indicated hy the an-ows. In the wirQ^| 
and 7, which for the time being; move parallel to the dii^| 
tion of the linea of force, there is no electro-motive ^<)^| 
generated, whilst in 4 and 10, which move at right ang^l 
to the lines, the electro-motive force is a maximum. ^H 
virtue of the continuity of the helix the electro-mol^H 
fi.rces in the wires 2, 3, 4, 5, 6 are added, and those in^jH 
11, 10, 9, 8 are also added, the two circuits being a^^| 
times in parallel connection. The ciu-rent enters ^| 
armature at the brush B^, which is called negative, i^| 
splits into the two circuits mentioned, and uniting ag^| 
at the brush B^, which is called positive, leaves ^H 
ai-mature, and enters the external circuit. It will 9 
seen from the figure that either brush, when touchingtm 
consecutive plates of the commutator, establishes fl 
metallic connection between the begiDning and end of thfti 
corresponding coil, or, in technical language, short circuits 
that coil. If the brushes are in the position shown— the 
neutral diameter on the commutator — the short circuit is 
pei-fectly harmless, because there is no electro-motive 
force in the coil ; but if we were to shift the brushes into 
an active jiart of the field either to the right or left of the 
neutral line, each coil, as its extremities pass under the 
brush, would be traversed hy an excessive current, 
causing heavy sparking at the brush, and probably the 
ultimate destruction of the armature. The best position 
at which to place the brushes is always found experimen- 
tally ; it does not accurately coincide with the geometrical 
neutral line, but is found to be in dynamos slightly in 
advance of it, and in motors slightly behind it. Opinions 
are divided as to the reason of tliis phenomenon. At one 
time it was ascribed to a certain sluggishness in the iron 
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of the core in taking up and losing magnetiBm, but this 
theory has long since been discarded by most practical 
electricians. Some hold that the shifting of the neutral 
Hne is due to the magnetizing influence of the armature 
current upon the iron core by which the latter is trans- 
formed into a double horseshoe magnet with like poles 
joined, and the magnetic axis of which stands nearly at 
right angles to that of the field magnets. Others again 
maintain that the brushes must be set forward in a 
dynamo and backward in a motor, on account of the in- 
fluence of self-induction in the armature coils. In reality 
both the last-mentioned causes have something to do with 
the position of the brushes, as will be more particularly 
explained in Chapter IV. 

The first electro-motor having an armature wound on 
the principle above explained, was constructed by Pro- 
fessor Pacinotti, of Pisa, and the design was published in 
the journal " II Nuovo Cimento," in 1864. This machine 
is illustrated in Fig. 24, and the core of the armature 
differed only in so far from that employed by Gramme 
seven years later, as it had external projections between 
the wire coils, which considerably increased the magnetic 
attraction between the armature and the pole pieces, thus 
rendering the machine more powerful. Fig. 25 shows 
part of the core and winding. The core of the Gramme 
machine consists of iron wire coiled into a ring of oblong 
cross-section. After being lapped round with tape for 
the purpose of insulation, it is wound transversely with 
cotton-covered copper wire. The winding consists of a 
number of coils which cover the core completely inside 
and out, and the beginning of each coil is joined with the 
end of its neighbour to the same commutator plate. When 
the winding is completed the armature is driven tight 
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oyer a wooden centre by which it is fastened ( 
spindle. 

By means of the fundamental fortnuJas establishei 
[ the previous chapter, we can now determine the elee 



Fig 2\ 







motive force of a Gramme irni ituie Let D be its ( 
ter, b its length and a thi, ridul depth of the c 



i 



I Let Nt represent the total number of external wi 

counted all around the circumference, t re|>resenting 

I number of wires coiresponding to one plate in the c 

Lmutator, and iVthe number of plates. If n denotes 
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speed in Fevolutions per minute^ and z the total number 
of lines emanating from one pole and entering the half 
circumference of the armature^ then the average electro- 
motive force created in each wire is by equation 2, 

Nt 
Since — wires ai*e for the time being connected in 

series, the average total electro-motive force in the arma- 
ture is 

It might be objected that this expression, which is based 
on equation 2, will only be correct if the condition under 
which this equation was obtained is fulfilled in the 
dynamo. This condition was that the field should be 
perfectly uniform throughout the space occupied by the 
armature. In reality this is never the case, and the 
exact distribution is not accurately known. A doubt 
might therefore be entertained whether equation 4 be 
rigorously true in the case where the intensity of the field 
is not uniform, but varies in different parts of the field. 
It will consequently be desirable to deduce the formula 
for the electro-motive force under the supposition that 
the intensity of the field in any point on the circumference 
of the armature, is a function of the angle, a, which the 
radius to that point forms with the neutral line. What 
that function is we cannot say, nor is it necessary that 
we should be able to define it. We only make this 
assumption : that there shall not be any abrupt changes 
in the strength of the field. We assume that the density 
of lines varies gradually from place to place. Assume 
also the number of wires on the armature so large, that 
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their angular distance A a is very small, in fact so 81 
that the intensity of the field can be considered as e 
stant within that angular distance. Since the elect 
motive force created in the wires is proportional to tl 
speed, we can determine it for any convenient speed, ( 
if it be required for a different speed, we can obtain it a 
multiplying the result first obtained with the ratio of tf 
two speeds. In the present instance we fix as a d 
nient speed that which will bring each wire at the e 
one second into the position occupied by its immedl 
neighbour at the beginning of the second, or 

This is a very slow speed, and if we wish to know whi 
will be the electro-motive force at the faster speed ( 
revolutions a minute, we shall have to multiply ■ 
electro-motive force at the low speed with the ratio % 
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, D and ». Since A a iW = 



'. have alsdl 



17= =^- and the ratio of the two speeds is 




first, second, . 



Let JF'i, -fs . ■ -f 4^ he the intensity of the field at the 
Nt 



'■ wire, counted from the neutral line. 



on one-half of the circumference of the armature, then 
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electro-motiye force in these wires will be given bj 
expressions^ 

E^=: Fibv 



• • • 

• • • 



• • • • 

• • • • 

JENt = F Nt b V. 



e sum of all these forces gives the total electro-motive 
36 created within the armature, which we denote in 
ire by J?*. 

Em = ZFbv. 

t the expression Fi bv represents the number of lines 
tained between the first and second wire on the arma- 
3, since F^ is the density, and b v the area of the space 
pt by the first wire in one second. Similarly F^b v 
resents the number of lines between the second and 
•d wire, and so on, the sum of all these expressions re- 
senting the total number of lines entering between the 
t and last wire on one-half circumference of the arma- 
3. Let z be that total number, and we find for the 
itro-motive force at the low speed. 

Fa ^ Z. 

the high speed we have, therefore, 

^- = ^^'^' 4) 

cisely the same expression as already obtained above. 
z be inserted in absolute measure, Fa will also be 
ained in absolute measure, and to obtain it in volts the 
bt side of the equation must be multiplied with 10 -'. 
i can also write 

G 



and if we measure the field intensity by means of a unitBk 
6,000 times as great as the absolute unit, we can further* 
simplify the equation to 

E.= Z Ntn 10', 5> 

Z being the total number of lines in the new gysten^ 
which is related to the absolute system by the equation \ 
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The crosa-s actional area of the armature core is 2 a d, 
if we denote by m the average density of lines per sqi 
inch of armature core, we have, 

Z='labm, 
and inserting this value in 5), we find for the electro-^ 
motive force also the expression, 

E, = 'lahmNtnW 6), 

This expression is sometimes more convenient than the 
former, because it enables us at once to see how the 
dimensions of the ai-mature afi'ect the electro-motive force. 
Experience has shown that the density of lines, ni, in thfr 
core cannot exceed a certain limit, which is reached when' 
the core is saturated with magnetism. This limit a 
m ^ 30, hut in practical work a lower density is gene^ 
rally adopted, for reasons which will be explained in th» 
following cha])ter. A fair average value in good modern.' 
dynamos and motors is m = 20, and the area, a b, most' 
be taken as that actually filled by ii'on, and not the grosa- 
area of the core. To avoid waste of power and heating, ' 
the armature core of dynamos and motors must be sub- ■' 
divided into portions insulated from each other, the planes 
of division being parallel to the direction of the lines tt* 
force, and to the direction of motion. The space wasted by -; 
such insulation must be deducted from the gross area «! 
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the core^ and the remainder — from 70 to 90 per cent of 
it— is the portion actually carrying lines of force. 

The electrical energy developed in the armature, if a 
current c be flowing through its coils, is E^ c^ and the 
horse-power represented by this energy is 

^ c2abmNtn 10-\ 



H-P = 



746 



The power to be applied must naturally be somewhat in 
excess of this in order to overcome mechanical resistances, 
as friction in the bearings and air resistance, and also the 
magnetic resistance due to imperfect subdivision and 
heating of the core^ and reaction of the armature on the 
magnets. In good dynamos these losses do not exceed 
about 10 per cent, and may even be less. 




KeveraibiJity of DynaiDo Machines— Different coniiitions in Dynajnoa and i 
Motors — Theiiry of Molora — Horae-power of Molnra — Losses due to Ms- l 
chanical and Magnetic Friction — Efficiency of Conreraion — ElectriciiV 
Efficiency — Formulas for Dynamos and Motors, 

After wbat lias been explained in the previous cl 
it will be evident that dynamo machine and electro-motraf- 
are convertible terms. Any dynamo can be used prao- 
ticaliy aa a motor, and in moat cases any motor can be 
used to generate a eun-ent. On purely theoretical grounds 
tbia sbould be possible in all cases, but in practice it a 
found that the speed which is required to make some 
small motors act as self-exciting dynamos is so high as to 
render that application mechanically impossible. The 
reason for this is, that in small motors the polar surfaces 
are of very limited extent, and conseqtiently the magnetic 
resistance of the path traversed by the lines of force is 
excessively high, requiring more electrical energy to 
excite the field magnets than the armature is capable of 
developing at a moderate and practical speed. This point 
will be more fully explained further on. For our present j 
purpose it suffices to note that on purely theoretical 
grounds the same machine can act as a motor or aa a 
dynamo. A separate investigation as to the theory of 
motors might, therefore, almost seem superfluous. But, 
on the other hand, experience has shown that although 
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\ns reTersibility of the dynamo machine exists, it is not 
Iways the best dynamo which makes the best motor, and 
hat certain details have to be altered according to the 
ise for which the machine is intended, if we wish to pro- 
itice the best possible machine for each purpose. The 
conditions which have to be fulfilled in the case of 
dynamos are also generally different from those required 
in motors. The dynamo must have a high efficiency, it 
must be able to work continuously without undue heat- 
ing in any of its parts, must not be injured by an occa- 
Bional excess of current, and must work equally well at 
extreme variations of electrical output. Its weight is, as 
a rule, of secondary importance, and in many cases there 
is no objection to large weights. The motors, on the 
other hand, are generally required to be of the smallest 
possible weight, they work intermittently, and high eflS- 
ciency, although desirable, is not of so much importance, 
especially not in small motors. In the early days of 
electric transmission of energy the difference between the 
conditions in dynamos and motors was overlooked, and 
the usual arrangement was to employ two identical 
machines, one acting as generator, the other as receiver, 
but at the present time this rough-and-ready method does 
not satisfy all the requirements which can justly be made, 
and special motors must be provided. It has thus be^ 
come necessary to study the theory of motors apart from 
that of dynamos. 

Let in Fig. 26, N She the pole pieces and D the mean 
diameter of the annular space filled by the external wires 
on a cylindrical armature of the Gramme or Hefner- 
Alteneck pattern. Let, as before, b represent the length 
of the wire and F the intensity of the field at a given 
point 22, the radius to which forms with the neutral line 
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the angle a. All the wires on the upper half of the arma> ^ 
ture will be traversed by currents flowing in the same 1 
direction, say from the observer, and all the wires on the j 
lower half will be traversed by currents flowing towards J 
the obBer\-er. Let c be the cun'ent in each single wire ' - 
and let there be Nt external wires counted all around the | 
circumference. If these wires lie close together witt , 
only as much space between them as ia necessary for '\ 



Fig. 26. 



P 




mutual insulation, the effect of the current c travernj 

Nt 
successively the -^ wires on one half of the circumfe 

will evidently be the same as that of a semicircular li 

Nt 
of current of total strength -5- c, the width of this bI 

measured transversely to the direction of flow being 
The density of current in the sheet, that is, the strenj 
of current per unit 01 width, is -^ c : — — " 
and the current flowing down an elementary section i 
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R, the angular width of which (A a) we take to be very 
smally is, 

Nte D ^ 

The mechanical force tending to rotate the elementary 
strip of our sheet of current in the direction of the arrow 
is 

AP= Fb ^e 

AP^Fb-Aa^^. 

Now Fy the intensity of the iSeld, multiplied with 

b - A Uy the total area of the elementary strip, gives 

the number of lines of force which enter the core through 
that area. Let A Z represent that number, and we can 

also write 

Now consider a second elementary strip of the sheet of 

current contiguous to the iSrst. The force exerted by 

this strip will be represented by a similar expression, 

but in it the value of A Z may be different. This will 

be the case if the field intensity is not uniform, but varies 

in any way with the angle a. For our purpose it is not 

necessary to know in what manner the intensity of field 

F may vary in different points ; whatever the law of 

variation may be, the sum of all the values of A Z must 

always be the same, and equal to the total number of 

lines passing into the armature core. The mechanical 

force exerted by the upper semicircular sheet of current, 

or, which comes to the same thing, by the upper half of 

Nt 
the armature winding, ~ 9 is therefore 

iS 
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Z being the total number of lines. Simultaneously ti 
lower half of the armature exerts the same force, and ^ 
have the total force tending to rotate the armature, i 

acting at a radius equal to that of the winding, - 

2zm c 

m D ' 
The turning moment, or torque, is P 
rr, ZNte 



If we express the total number of lines by the produt 
their density within the armature core and the dimensia 
of the latter, we can also write for the torque 

I Ntc 



T = - 



It has already been mentioned that there exist* a limit 
beyond which w cannot be increased, however powerful 
the field magnets may be. Assume that in two motori 
of different size the fi'eid magnets are excited so as to 
produce equal and maximum density of lines in both 
armature cores, and assume also that both armatures ara 
wound with wire of the same gauge, then the number of 
turns will in the larger machine be greater than in the 
smaller, the proportion being evidently as the squares of 
their linear dimensions. Since the areas of the cores are 
also in the same proportion, it follows that the torques or 
turning moments are in the proportion of the fourth 
power of the linear dimensions. Thus, if the larger 
motor be double the linear dimensions of the smaller, its 
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torque will be sixteen times as great It will be seen 
from formula 7, that the torque of a motor de|M*nds only 
0D the strength of the field and on the current, but does 
not depend on the speed. This can be shown experimen- 
tally in the following manner. Let two series-wound 
dynamos be connected by a pair of cables, and let one of 
these act as generator, whilst the other, which is the 
motor, is provided with a friction brake, on which the 
energy given out can be measured. Whatever the sj)€ed 
of the motor may be, the brake, if its lever be floating 
free, indicates the turning moment in the shaft of the 
motor. This turning moment is equal to the product of 
the length of the lever and the load suspended. If now 
the speed of the generator be varied so as to vary the 
electro-motive force, the speed of the motor will accord- 
ingly vary, but the current and the load on the brake 
will remain unaltered. In dealing with this matter, 
M. Marcel Deprez, in " La Lumi^re Electrique *' of the 
3rd of October, 1885, says : — " If a current traverses a 
motor having an armature of the Pacinotti type, the 
turning effort of the latter is independent of its state of 
movement or rest, and in motion it is independent of the 
speed, provided the strength of the current is maintained 
constant. Inversely, if the static moment tending to 
resist the motion of the armature is maintained constant, 
the current will thereby automatically be kept constant, 
whatever means we may employ to vary it. The experi- 
ment must be made in the following way. Mount upon 
the spindle of the motor a self-adjusting dynamometric 
brake, the load on which is automatically kept constant 
whatever variation may take place in the friction of the 
brake or in the speed of the motor, so that the tangential 
resistance which tends to oppose rotation shall be kept 



constant. Supply the motor with current from any giv^H 
source of electricity (a battery or a dynamo machii^^| 
and note the stren<rth of the current and its elect^^| 
motive force. If the latter be gradually increased fi^^| 
zero we observe that as long as the motor remaitiB^^H 
rest the current grows in the same proportion, but ^H 
soon as it has reached a certain value and the mot^H 
has begun to turn, the current does not further incren^H 
although the rise in the electro-motive force may co^H 
tinue, and with it the rise in the speed of the motor. ^H 
an experiment made three years ago the source of eU^H 
tricity was a Gramme dynamo and the motor a Hefnfl^H 
Alteneck machine, the brake being loaded with 5^ ^'''^1 
at a radius of 6|- inches. When the motor began to tni^H 
the needle of the ampere-meter indicated twenty-^^B 
divifiiuDB. I then augmented the speed uf the djna^^| 
until the motor made thirty-two revolutions per secoi^H 
and yet the ampere-meter only indicated twenty-sev^H 
divisions instead of twenty-six." ^H 

Since with a constant load on the brake, the enevjj^H 
given out is proportional to the speed, aud since t|^H 
electrical energy supplied to the motor is the product ^| 
current aud eiectro-motive force, it follows that if the! 
current is constant the speed must be proportional to the 
electro-motive force. The following table taken from M. 
Marcel Deprez's article shows that this is indeed the 
case. It will be seen that in all the four motors tested 
the ratio of electro-motive force to speed remained nearly 
constant throughout a very wide range of speed, and that 
the current also remained practically constant. 
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Type of motor. 


BeTolotioii* 
per minate. 


Cinmol. 


ElMtro-inatiTe , 
force. 

Speed. 1 


Qer-Alteneck . - 

• 


425 

783 

1165 

1660 


13-53 
12*68 
13-65 
13-00 


•0267 ' 
-0262 
-0278 1 
•0250 

-06496 

•06437 

-06768 1 

-06792 

•06713 

•06803 

•06704 

•06736 

•0132 
•0139 
•0127 
•0130 
•0129 
•0127 
•0127 


« 
ramme . . . • 


270 

526 

608 

742 

944 

1004 

1160 

1460 


8-16 
8-16 
8-23 
8-40 
8-23 
8-23 
8-23 
8-23 


Qer-Alteneck . ^ 


356 
618 
1016 
1236 
1470 
1636 
1662 


5-60 
5-78 
6-42 
5-60 
5-95 
5-60 
5-42 


[i tension ma- 
Ine .... 


200 
384 
470 
606 
710 


5-60 
6-30 
612 
5-95 
5-95 


1-659 
1^692 
1-775 
1-633 
1-662 



ing now back to equation 7), the mechanical energy 
jented by one revolution of the motor shaft is 
atly 2 9r T, and if the motor runs at a speed of n 



n 



itions a minute, or ^- revolutions a second, the 

oO 



y developed during that time is 



W ^ ZNt2c^ 



9). 
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It will be remembered that each half of the armatfl 
carries the current c ; 2c is consequently the total <» 
rent passing into the armature at one brush and ouM 
the other. Write Ca (armature current) for 2c and m 
have ■ 

"'=^'^'60'^- -'I 

But from equation 4) we found that the counter elect™ 
motive force of the annature is 1 

^•=^"fo \ 

and combining the two equations we find ] 

fF= Ea Ca 11 

The mechanical energy equals the product of currn 
and electro- motive force, that is, equals the electrOT 
energy. This, indeed, is self-evident from the prisdg 
of the conservation of energy ; and starting with fl 
equations 4) and 11), we could have deduced the expifl 
sions for W and T from these. But on the other hanu 
is more satisfactory to have determined these values infl 
pendently, and to find that our conclusions are veriu 
by the principle of the conservation of energy. 9 

All the equations above are based on the absolol 
system of measurement. For practical purposes, hoa 
ever, the employment of these units is not conveaied 
and instead of using dynes or ergs we prefer to make CM 
calculation in pounds and horse-powers. It will therefn 
be necessary to determine the relation between the al» 
lute and practical units. ■ 

According to the definition of the dyne given in n 
first chapter, it is that force which accelerates the mid 
of one gram by one centimeter in one second. It wool 
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not be strictly correct to represent the dyne as equal to 
a certain fraction of a kilogram or of a pound, because 
the weight of unit mass (that of one gram) changes 
according to the position on the surface of the earth 
where we may happen to measure it. But in all places 
the following equations hold good : — 

P = w/>, 

G ^ m g, 
P being the force to which corresponds the acceleration 
p, G being the weight of the body measured by the 
acceleration of gravity g, and m being the mass of the 
body 

p= gP. 

9 
If g be given in meters per second and the weight in 

kilograms, the force of one dyne is, 

10-^ 10"^ 
Dyne = .... kilograms. 

10"' 
Dyne = kilograms. 

9 

The energy represented by one dyne acting through the 

distance of one centimeter, the erg, is therefore 

10""* 

— , . . kilogram-centimeters, or, 

9 
Erg = . . . kilogram-meters. 

According to equation 11) the number of ergs developed 
by the armature of the motor is numerically equal to the 
product of current and electro-motive force in absolute 
measure. If we wish to insert these values expressed in 
practical units of amperes and volts we have 

/^= 10 ^ X 10"*" ^ . . . voltamperes, 
W^ 10-' watts. 
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To obtain the number of watts represented by a cei 
number of erge, we have therefore to multiply the lattei 
by 10"'. Similarly to obtain the number of kilogram- 
meters represented by a certain number of ergs, we hara 

to multiply the latter by 1 



\ 



Watts = 10-' X ergs. 
Kilogram-meters = x ergs. 

From these two equations we find that 

„.. . Watte 
Kilogram-meters = . 

The energy required to lift 75 kilograms one meter high 
in one second is a standard horse-power in the metric 
system. The acceleration of gravity may be taken as 
9*81 meters per second, hence one horse-power is repre- 
sented by 

75 X 9-81 . , . watts, or in round numbers: 
736 icatts correspond to arte standard horse-power. 
In English measure the standard horse-power is equal to 
32,500 foot pounds work done per minute. The usual 
English horse-power is equal to 33,000 foot pounds. 
Hence, to obtain the number of watta representing an 
English horse-power, we must multiply 736 with the ratio 
of 33,000 to 32,500. This givss the figure 746. Let 
Ea represent the counter-electro-motive force of the arma- 
ture in volts, and Ca the current in amperes, then the 
number of English horse-powers which could be obtained 
from it, if there were no losses, is 

^^=^4? '^)- 

Retaining the notation of equations 5) and 6), we have 
also 



BOBSE-powBR aivEfr our. 


0. 1 


BP= .!„ ZStn 10-' C. .... 
74 


. 13), 


H-P = .4« 2 a A ra iW n lO"' Ca . 
74fa 


. . U). 



The power which ie actuaUy obtainable is somewhat 
snaller, aa certain losses occur. These might he cUmi- 
fied under two headings, mechanical friction and mag- 
netic friction. The fonnet consists of the friction in the 
journals, of that between the commutator and the brushes, 
and of the resistance which the air offers to the rapid 
rotation of the armature, or the "windage," as it is techni- 
ciily termed. The magnetic friction is of a somewhat 
Complicated nature, and may manifest itself in various 
Bays, but more especially in the heating of the armature 
core and of the pole pieces. If the armature core is not 
sufficiently subdivided, a fault very common in small 
motors, currents will be generated in it, which will be the 
Btionger the more intense the field and the quicker the 
speed. It is as though the motor contained within itself 
a dynamo working on short circuit, and the power neces- 
sary for producing these currents must be supplied by the 
cuiTent flowing through the coils of the armature, and re- 
presents therefore so much power withdrawn from external 
use. Another source of loss is the limited number of the 
sections in the commutator. In establishing our formulas 
we have aaaumed that the aggregate of the currents in 
the different wires can be . represented by a continuous 
semicircular sheet of current. This assumption is, strictly 
speaking, only coiTect if the number of wires and the 
corresponding number of sections is infinite. But when 
these numbers are limited, and especially when one sec- 
tion of the commutator corresponds to a wide coil, con- 
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sisting of a great many turns of wire on the armall 
then the change of contact between the brushes and I 
cessive commutator stripe produces abrupt changef 
the magnetizing effect of the current on the core of ■ 
armature, and our sheet of current, instead of being ^ 
in space as first assumed, undergoes riolent osciIia< 
the amphtude of which is equal to the angular disM 
between two neighbouring coils. It is as thouj 
magnet pJaced at right angles to the centre line thi 
the pole pieces were kept in rapid oscillation, and 6 
any magnet, if moved in the neighbourhood of met! 
masses will heat the latter and absorb power, it foil 
that the pole pieces will become hot, and part ( 
energy produced by the motor will be wasted in this ^ 
Prom what has just been explained, it will be evi 
that this loss can be reduced by increasing the numbi 
sections in the commutator, aud by subdividing the n 
of the pole pieces by planes at right angles to the a 
the armature. 

Another soui-ce of loss in some motors is the discoih- ^ 
tinuity of the armature core. This loss does not occur 
in Gramme armatures with smooth cylindrical cores ; but 
in armatures of the Pacinotti type, the projecting teeth, 
in sweeping closely by the polar surfaces, react on the 
latter, and produce eddy currents therein, which in their 
turn exert a retarding force upon the teeth. That this 
is really the case is shown in a striking manner in many 
dynamos having Pacinotti projections, notably in the 
Brush and Weston machines. Everyone who has 
examined these machines after some hours' work, must 
have noticed that the pole pieces, eapeciaijy where the 
coils and projections leave them, grow hot. At the 
entering side the heating is not so great, because there 
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^fc magnetizing eS'ect of tlie armature current i> to repel 
Hd weaken the lines, whereas at the leaving side it te to 
Htract and strengthen them. If the mai'hines he used as 
Motors an opposite effect is produced, the pole pieces 
^konting hottest at the entering side. Cores with Paci- 
Hltti projections are very much in favour with the de- 
^kners of motors, because it is thought that they increase 
^pe magnetic attraction which determines the force of the 
Botor. On purely theoretical grounds this is so. It 
Bill be shown presently that the number of lines Z, pass- 
Bg from the pole piece to the armature is the greater, 
Bie smaller the distance they have to leap through air, 
Bnd by allowing the teeth to project so far as to almost 
iiouch the polar surfaces, the magnetic resistance of the 
lur space can be very considerably reduced. But in prac- 
tice such perfection is unattainable on account of the 
heating and waste of power just explained. It is found 
necessary to make the clearance between the outer sur- 
face of the teeth and the inner surface of the pole pieces 
much greater than would suffice for free rotation, and it 
may be doubted whether the Pacinotti core is, after all, 
so great an improvement over the Gramme core as on 
purely theoretical grounds it seems to be. There is also 
another source of loss occurring even in armature cores 
which are perfectly subdivided and smooth on the outside. 
This is due to a molecular effect in the iron which has 
been termed hysteresis by Professor Ewing. In ordinary 
motors, having two or four field magnet poles, this loss Is, 
however, very small anil is generally neglected. 

In good motors the sum total of all the losses here 
enumerated at length amounts to only a small fraction of 
the total power. The ratio between that and the power 
actually obtainable on the shaft is called the efficienci/ of 
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', and it should never be less than 90 per ceq 
in medium-sized and large motors. 

The electrical efficiency of the motor is the ratio of] 
total internal electrical horse-power, as given by our for- ' 
mulas 13) and 14), to the external electrical horse-power 
applied at the terminals of the motor. Let 

JE, represent the electro-motive force created in the 
armature coils. 

Ei represent the electro-motive force appearing at the . 
brushes. \,_ 

E, represent the electro-motive force appearing at the \._ 
terminals. 

r„ represent the total resistance of the armature. 

r„ repreaent the total resistance of main coils on field I 
magnets. 

r, represent the total resistance of shunt coils ou field ' 
maguets. 

C, C„, C„ C^ represent the esteroal cuiTent, the current 
through the armature, through the shunt coils and main 
coils on field magnets respectively. Then for a compound- 
wound dynamo, in which the shunt coils are coupled 
across the brushes, the following equations evidently 
obtain : 

c = r„, i\ = -* 

c^= c„ + c.'. IjJ 

E, = E,-T.C, 

E, = E,~ T„C^ 

The electrical efficiency is 

. = :?^ 1# 

B.C. " 
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I For an electro-motor, also compound-wound, the equa- 
\ tions are 

r. 

C,= C„-C. 19), 

^, = £. - r, C» 20), 

£, = £,- r,C. 21), 

-f-c 22>- 

If the shunt coils are coupled to the terminals the for- 
mulas are for the dynamo, 

16), 17), and 18) remaining unaltered. 
For the motor we have 

20), 21)5 and 22) remaining unaltered. 

The same formulas are applicable to the case of plain 
series or shunt machines, whether dynamos or motors^ 
but in the case of ^series machines we insert r, = 00 , 
and in the case of shunt machines we insert r. = 0. 
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CharacWriitics — Horee-power Car 
Speed Cbar».'teriBtii:s — Application to Electric Tramcars — Static, ] 
namic, ntid Coualer-£t«.'tro-niotiTe Faro 

In the preceding chapter it has been shown how % 
electro-motive force of an armature can be found if ^ 
total number of lines passing through its core be knoll 
It will now be necessary to determine the number i 
lines, that is the strength of the magnetic field, from 1j 
constructive data of the machine. Before entering inn 
scientific investigation of the subject a curaoiy glai 
the different types of field magnets adopted by the variouft ' 
makers of dynamos and motors, will be of interest. These 
are shown in Figs, 27 to 51. To make the classification 
comprehensive the type of aimature is written beneath 
each field and the maker's or designer's name is written 
above it. We distinguish three types of ai-mature. 1. The 
Drum, wound on the Hefner-Alteneck principle, aa ex- 
plained in Chapter II,, and shown in Figs. 18 and 19 ; 
2. The Ci/Under, wound on the Pacinotti or Gramme 
principle, also explained in Chapter II., and shown iu 
Figs. 25 and 20 ; and 3. The Disc, wound on the Paci- 
notti or Gramme principle and only differing from the 
cylinder by the shape of the core. It is a cylinder of 
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tonsidcrable diameter and small tenglli, in fact a flat ring 
«r disc. 

All the inagoets employed in dynamos or motors are 
horse-shoes ; straight-bar magnets with jmlcs at tlie end* 
being never used. The reason is obvious. Wo must in 
ail caseu bnag opposite ^wles to the same armature, and 
that necessitates the employment of a bent magnet. It 
is necessary to distinguish between single, double, and 
multiple magnets. In the single horse-shoe magnet all 
the lines passing across the armature go tlirough the 
magnet in the same direction. As an example we may 
take the Edison-Hopkinaon dynamo, Fig. 27. The lines 
passing across the armature from N to S continue all in 
the same direction, viz., vertically upwards from S to B, 
thence across the yoke from B to A, and finally vertically, 
downwards from A to A'. A free unit pole would be 
[tirged along the closed magnetic circuit N S B A N, and 
there is no other way along which it could travel. Now 
in a double horse-shoe, as represented for instance by the 
Weston machine, Fig. 41, there are two ways along 
which a unit pole might travel. One of these i&N S B AN, 
and the other N S D C N, or in other words, of the total 
number of lines passing across the armature, one half will 
go through the horse-shoe NABS, and the other half 
will go through the horae-shoe N C D S. "We may con- 
sider the field magnets to consist of these two horse-shoes 
placed with like poles in contact to the left and right of 
the vertical center line. The arrangement of the " Man- 
chester" dynamo is similar, but in this case the portions 
A B and C D, which in the W^eston dynamo constitute 
the yokes, form the excited or active parts of the magnets 
and are surrounded by the magnetizing coils. The field 
magnets of the original Gramme dynamo (or motor) also 
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belong to the double horse-shoe puttGrn J 
a plane laid through the center lines of 1 
magnets is parallel to and contains thd 
armature shaft, whereas in the Westo^ 
light angles to it. Here, again, the lini 
the right and left of the vertical cente^l 
distinct circuits. Pig. 37 shows a similaJl 
but with & single magnet. Figs. 39, 40 
single magnets, the plane of the horse-shOe 1 
angles to the armature. Fig. 48 showsl 
horse-shoe magnet. Here the lines of force ] 
the ai-mature belong to four distinct c 
SD CN,SBAN,suiAS B C N. The S\ 
of the Mordey -Victoria machine shown in Fig 
consist of 8 complete horse-shoes, four on eacl 
disc, and in some multipolar machines even a i 
ber of magnetic circuits is sometimes empl 
machines which M. Marcel Deprez employe* 
perimenta (Fig. 51} had two cylinder armatui 
on the same spindle a b, and around them i 
eight horse-shoes, of which two, S B A N anc 
are shown in the illustration. It is not neceaai 
into a detailed description of all the types ah 
diagrams are sufficiently clear. 

After what has been said above it will be e 
the proper function of the field magnets in a 
motor is to produce lines of force which pEiM 
armature core. All other lines, which miss ti 
are useless and may even be detrimental to t 
of the machine. The gj-eater the number of 
the greater will be the electi-o-motive force g 
a given speed and with a given armature, 
should therefore be to produce a maximum 
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les, and a? a first step towards the realization of tbia 
ject we must determine the relation between the number 
tines and the constructive data of the mncbine. Ono 
these data is the exciting power, that is the product of 
J number of turns of wire wound on tlie magnet, und 
16 magnetizing current sent through the wire. It ia 
Btoniary to reckon the exciting power in Ampere- Tiiriiii, 
id it is shown by experiment and theory that the manner 
fhich the product is made up is quite immaterial, 
may have a large number of" turns of fine wire and a 
,all current, or we may have few turns of stout wire 
id a large current. The effect will always be the same 
the product of amperes and turns be the same. Ex- 
periment also shows that for low degrees of magnetization, 
the electro-motive force produced in the armature is pro- 
portional, or nearly so, to the exciting power .V applied 
to the field magnets ; and since electi'o-motive force and 
strength of field Z are always proportional, we find that 
in these cases Z is proportional to -V. We can represent 
this relation mathematically by introducing the concep- 
tion of mugnetic resistance. According to this there is in 
every magnetic circuit a passive force opposing the crea- 
tion of lines, and the number of lines which are created ia 
the quotient of the magnetizing force and this resistance. 
Calling the latter R, we have 



I 



Z = - . 



.23). 



This formula is rigorously correct, provided we succeed 
in determining the magnetic resistance for every condition 
of magnetization. For low degrees of magnetization the 
resistance is nearly constant, and in these cases there 
exists simple proportionality between Z and A' ; for higher 
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degrees of magnetization the resistance increases aad i^^| 
relation between Z and X becomes more complicat^^| 
A limit is ultimately approached beyond which '^^M 
cannot increase the strength of the field althoug;h we n^^l 
increase the exciting power indefinitely. In this case ^^H 
magnetic resistance has become infinite, and this conditl^^| 
is generally expressed by saying the magnet is saturat^^M 
The relations existing between magnetizing power *i^^| 
the magnetic moment have in the case of straight-l^^| 
magnets, spheres, and ellipsoids been investigated ^^M 
Jacobi, Dub, Miiller, and others, and a variety ^H 
formulas have been proposed to express these relatio^H 
mathematically. Apart from the fact that these formi^^H 
in themselves are only rough approximations but impt^H 
fectly fitting the results of expenments, they are I^H 
practical purposes almost useless, since the field magQ^^| 
of dynamos and motoi-s are not straight-bar magnets, but " 
horse-shoes of every possible form and variety. In some 
cases these formulas are even misleading, and as an eX' 
ample we may cite the original Edison machines. 
According to the orthodox theory the magnetic moment 
of a cylindrical bar is proportional to some function of 
the exciting power, to the square root of the diameter of 
the bar and to the square root of the cube of its length. 
Hence to obtain a maximum of magnetic moment with a 
given weight of iron we must shape it into a long cylinder, 
and the original Edison machines were constructed on 
these lines. Experience has since then taught us that 
this was the worst possible form which could have been 
adopted, and the Edison machines built subsequently 
have stout and short magnets. The explanation for this 
apparent discrepancy between theory and practice is this, 
that in a dynamo or motor the magnetic moment of each 
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bar composing the field magnet is of no account whatever, 
tlie electro-motive force depending only on the total 
namber of lines produced, which is governed by lawrt 
totally different from those relating to the magnetic 
moment. It is very desirable that the relations between 
strength of field and exciting power should be mathe- 
matically established for those forms of magnets which 
are actually used in the construction of dynamos and 
motors. As yet no formula rigorously true for all degrees 
of magnetization has been found, and the difficulty is 

Fig. 62. 




principally due to the fact that the chemical composition 
and molecular properties of the iron play an important 
part which is not easily determinable beforehand. This 
is especially the case if the magnetization is pushed 
towards the saturation limit. For lower degrees of mag- 
netization the difficulties are still present, but they are of 
relatively less importance, and it is possible to establish 
formulas for the strength of the field which are sufficiently 
approximate for practical purposes. 

Let in Fig. 52 a series of wedge-shaped and very short 
magnets. Mi M^ • • . be placed with polar faces of oppo- 
site sign in contact, so as to form a continuous ring inter- 
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rupted only by the air space, A B, A^ B'. LiueB of forcS 
will then pass across this air space, and an electro-motivB' 
force could be created by moving a conductor or series oi 
conductors, so as to cut these lines. Let the polar 
face of each elementary magnet be -S', and let the density' 
of magnetic matter, which we imagine to be distributed 
over the polar surfaces, be tr, then ir S is. the strength o£ 
each polar surface. According to Ampere's theory each 
elementary magnet can be replaced by an equivalent 
magnetic shell (page 28), consisting of a closed coih 
ductor in which a current flows, the product of current, 
and area enclosed being numerically equal to the mag- 
netic moment of the elementary magnet. Imagine no* 
the magnets replaced by a spiral of wire or sohnoid, then 
we can without appreciable error consider each turn of 
wire in the spiral as a current closed in itself, and if 
there be n such turns, and if the cun-ent be C, the total 
magnetic moment will be in absolute measure n C & 
Since with the exception of the two end faces A B, 
A^ B', the polar surfaces are in contact and cannot exert 
any action at a distance, the total magnetic moment of 
the series of elementary magnets is represented by the 
product of the magnetism on the end faces, and their 
distance, d. We have therefore the equation, 

(T Sd=n C S. 
It has been shown (page 24), that the total number of. 
lines emanating from unit pole is 4 v. From a pole of; 
the strength it S there must emanate 4 w (t S lines. Let' 
Z be the total number of lines, or strength of field within 
the air space, then ive find 

Z=i7r<r S, 
and by inserting the value of ^ 5' from above equation, 
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^ Avn C 8 
^= d ' 

^Uch can also be written in the form 

Z = 4 V —j- 
a 

S 

The product n C is exciting power in absolute measure, 
or ampere turns x 10~\ S is the polar surface, and d 
the distance between the two poles. In deducing the 
formula for Z we have assumed the polar surfaces to be 
two parallel planes, but it can be proved that the same 
law holds good for surfaces of any shape, provided that 
their distance is very small as compared to their area. 
We can therefore apply the formula to the case of a 
cylindrical polar cavity partly filled by a cylindrical 
armature. Here we have two air spaces, and the polar 
surface S is the product of length of armature, b and the 
arc spanned by either pole, K Let i be the distance 
between the polar surface of the magnets and the ex- 
ternal surface of the armature core, and let X represent 
the exciting power producing Z lines, then the above for- 
mula becomes 

Z = A 24). 

The strength of the field is represented by the quotient 
of exciting power, and an expression which is of the 
character length divided by area. The analogy with 
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length of the magnetic circuit within the core c 
armature^ which we suppose to be of the cylin 
Gramme type, and a b the area of the core, 
magnetic resistance of the single horse-shoe magne 

then be proportional to -j-^i and that of the armati 



AB' 
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, each of these fractions being multiplied by 
efficient depending on the quality of the iron. 



Fig. 63. 




numerous experiments the author has found tha 
dynamos and motors of this type made of well ann 
wrought iron, the strength of the field for low degr( 
magnetization is represented by the expression, 

X 



z = 



1440 ?i +-4 + 
A 6 ah 



2JL 
AB 



This is a purely empirical formula as far as the con! 
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3 concerned^ but it is interesting to note that the same 
rmula can be obtained hj a theoretical investigation 
ovided we assume a permeability of ft =: 940 for the 
m in field magnets and armature ; and that this is a 
ir average value when the magnetization is not very 
reat. For cast-iron magnets the following empirical 
trmula may be used : 

^ = 2/^4 a-L 2'> 

1800^1+-^ + 14 

n the case of double horse-shoe magnets^ as shown in 
Hg. 54y each horse-shoe contributes half the total 
lumber of lines, and we have for wrought iron, 

Z X 



1440 -^ i T + -T-j^ 

•Kb ah AB 

nd for cast-iron 

Z 0-8 A' 



27), 



2 2^2/ 3 i 

1800 —. + ^ + -7-^ 
>^ b ah AB 



28). 



he exciting power required to produce a certain strength 
i* field can be found by multiplying the number of lines 
ith the magnetic resistance, as represented by the de- 
)ininator in the above four equations. It should be 
imembered that these only apply to cases where the 
itensity of magnetization is not too great, say up to ten 
nes per square inch. For more intense fields the mag- 
etic resistance of the iron part of the circuit increases 
onsiderably, and in practice it is found that to bring the 
eld magnets of dynamos or motors near to saturation 
rom 40 to 100 per cent, more exqiting power must be 



m 
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applied than given by the above formulas. A i 
fur the more exact deteimination of the exciting 
for any degree of magnetization will be found on 
sequent page. 

A question of great practical importance is the 
tive advantage of the single and double magnet. 1 
in the latter the area of air space is only half that of, 
former, the resistance of air space is doubled. Oa cn 
paring equations 25) and 27), it will be seen that 
magnetic resistance of the magnet is equal in }n 




cases, and that the magnetic resistance of armatn 
and air in the double horse-shoe is about double that! 
the single horse-shoe. On the other hand, only half th 
total number of lines have to pass through one magnet 
the double horse-shoe type, and therefore the excitin 
power in the single and double magnet is about the samell 
But in the latter case this exciting power has to be 
applied on each of the two horse-shoes, whereas in the i 
single-magnet machine it has to be applied on one horse- ' 
shoe only, but of double the sectional area. The length 
of wire required will therefore be as 2 : v' 2, or by thfl 
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;le magcet system a saving of about 25 per cent, of 
B can be effected. On the otlier hand, the iron portion 
he single magnet is somewhat heavier than that of an 
livalent double magnet, and in cases where snialtneBS 

total weight is a consideratioo, as for instance in 
(tors used for locomotive puqioses, the double magnet, 
twithstanding that it requires more wire, lias a distinct 
ivantage. 
An inspection of formulas 25) to 28) will show why, as 

e already mentioned in the beginning of Chapter III., 

lall motors sometimes fail to act as dynamos. In these 
aachines, or to speak more correctly, in these models of 
oachines, the polar surfaces ?. b are very small as com- 
pared to the air space S, and consequently the magnetic 
Kaiatance of air space is very high. The exciting power 
is therefore also very high as compared to the strength 
^ field, and it may happen that the electrical eaergy 
which is required to produce so large an exciting power 
ii greater than the total electrical energy which can pos- 
libly be produced by the armature. In this case the 
Biachine fails to act as a dynamo. 

Since the electro-motive force for a given speed of 
otfltion is proportional to the strength of the field, and 
ince that depends in Its turn on the exciting power, it 
allows that in every dynamo or motor there exists a 
efinite relation between the electro-motive force created 
I the coils of the armature and the ampere turns applied 
p the field magnets. As already stated, this relation is 
'. too complicated a nature to permit of its being repre- 
oted in the form of a mathematical expression rigo- 
lusly applicable to all cases. Approximate formulas 
have been devised by Frohlich, Clausius and others, but 
these are not sufficiently accurate for practical use, uid 
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have moreover the disadvantage common to all anam 
methods of not appealing directly to our s 
respect graphic methods are preferable, and in the j 
tions of problems connected with dynamos and i 
they ofl'er facilities far beyond those of any aaam 
treatment. It is possible to represent all the imp< 
properties of a machine by curves, and since these] 
pertieB give it a distinct character by which it c 
from other machines of similar type, these ( 
called characteristics.' The relations between cuif 
electro-motive force, speed, horse-power, efficiency^ 
so forth, can all be represented graphically, batf 
curve most commonly used is that giving the elel 
motive force as a function of the exciting power f 
constant speed. In the case of a series dynamo | 
exciting power is proportional to the current, and ifa 
plot the currents on the horizontal and the correspon 
electro-motive forces created in the armature coils o 
vertical, we obtain what is commonly known as thi 
ternal characteristic. The external characteristic j 
curve representing the electro-motive force at tin 
minals of the dynamo, and tlie distance between C 
sponding points on the two curves represents the li 
electro-motive force occasioned by the internal resin 
of the machine. 

Before passing on to the use of graphic methods fol 
determination of the working conditions in dynamoi 
motors, it will be useful to show how the charactfl 
curves of a given machine can be found from its drM 
and conversely how the design of a machine can b 

' This namo appeara to have been first used by M. Marcat Ve-prtt, W 
1881, in an article in " La Lumicre Electrique," although Dr. HqpkinMn 
wBB the Brst to make u. ~ ~ 
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pared in order that it may give any desired characteristic. 
The solution of this problem depends, broadly speaking, 
on our ability to pre-determine the characteristics of a 
dynamo by calculation.^ The ordinates of an ordinary 
characteristic as determined by experiment represent 
terminal pressure for constant speed and variable excita- 
tion. In order to eliminate the speed, we may deduce 
from this curve another — ^the characteristic of magnetiza- 
tion — in which the abscissae represent as before exciting 
power, and the ordinates represent the total number of 
useful lines of force passing through the armature. It is 
this characteristic which we pre-determine from the draw- 
ing of the machine. The flow of lines Z, as given by 
formulas 25 to 28, appears to be due to a kind of magneto- 
motive force (which is represented by the exciting power 
^ in a similar way as the flow of current is due to an 
electro-motive force. We have here Ohm's law trans* 
lated into the magnetic circuit There are, however, 
some important differences. In the first place, the flow of 
current takes place along well defined paths only, that is 
to say, through the conductors, and not through the sur- 
rounding space. The flow of magnetic lines of force, on 
the other hand, although greatest in the iron parts of the 
magnetic circuit, is by no means confined to the iron 
parts alone, but takes place also through the surrounding 
space. In other words, we cannot insulate for magnetism 
as we can insulate for electric currents. The other diffe- 
rence is that whereas the electrical resistance of a con- 
ductor is constant, and independent of the current (pro- 
vided the temperature remains unaltered), the magnetic 

^ See the author's paper on *' The Fre-Determination of the Characteristics 
of Dynamos." ('Journal of the Society of Telegraph Engineers and 
Electricians/* vol. zv., No. 64, p. 518. 1987.) 
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resistance of iron increascB with the flow of lines, 1 
increase being email at firat, but then more and i 
rapid, up to infinity, when the iron is saturated. Anoq 
difference is that whereas an electric current produces ll 
in the conductor, and dissipates energy, the continiri 
flow of magnetism through a piece of iron, does not |i 
duce heat, and does not absorb energy ; and it is j 
account of this property of the magnetic circuit that » 
scientists have suggested to discard the term " magna 
resistance," since the overcoming of any resistance imj^ 
the expenditure of energy, which certainly does not i 
place in the maintenance of a magnetic field. 
cnei^y actually expended in the magnetisation offl 
field magnet of a dynamo or motor is due, not to 1 
magnetic property of the machine, but simply to f 
electrical resistance of the magnetising coils. The t 
"magnetic resistance" has, however, been so genei 
adopted, and is so convenient, that an attempt to repla 
by some more scientific term would lead to confusion,B 
in the following we shall use it in its conventional s< 

To render the electrical representation of the floi 
magnetic lines obvious, let us assume that the I 
magnet limbs in Fig. 53 are replaced by two battetl 
the yoke by a wire, and the armature by a certain n 
tance, Ra, which is jomed on either side with the % 

minals of the batteries by wires of high resiBtance, g 

representing the resistance of the interpolar space. ( 
Rp be the resistance of the battery and connecting n 
and the apparatus be well insulated, the current tlu 
the armature will be 
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Chis does, however, not represent the conditions of the 
K)rre8ponding magnetic circuit, for in the latter the flow 
)f lines takes place both through and around the iron 
parts. To correctly represent this condition we must 
imagine our electrical apparatus submerged in a badly 
conducting medium. Currents will then flow through 
tliis medium, and the current flowing through Rji will be 
smaller than that given by the battery. 

It is impossible to say exactly in what manner these 
currents of leakage are distributed, but it is evident that 
the most serious loss must occur between the poles, where 
the difference of potential is a maximum, and that in a 
given medium and arrangement of battery the total loss 
through leakage can be considered as approximately pro* 
portional to the difierence of potential between the poles. 
Let the latter have the value Xi^ then the current lost, (, 
equals XJpy if by p we represent the average resistance of 
the surrounding medium for this particular configuration 
of battery. We can also, with fair approximation, put 
the current in the battery — 

-2^2 = -2^1 + f • 

Now imagine that by some means we can give to the 
electro-motive force {X) of the battery any value between 
zero and that value which will produce the maximum 
current (zj) required. It will then be possible to deter- 
mine what electro-motive force is required for each value 
of Zi, between zero and maximum. To do this we proceed 
as follows : We determine first the difference of potential 
at the poles — 

Xi =z (Ra + Ej[) Zi 

Aen the loss by leakage — 
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then the total current— 



then the loss of electro-motive force (-T,) 
the internal resistance of the battery — 

X^ = Rp z^ 
and, finally, the total E.M.F.— 

X =x,+ X^. 

The submerged battery is analogous to a horse 
magnet, since the latter is always surrounded 
medium which allows the passage of magnetic lines. To 
the electro-motive force of the battery corresponds the 

total exciting power applied to the magnet, whilst to the 
currents ?i, ?„ and C correspond numbers of lines respec- 
tively created within the magnet core, passing through 
the armature, and lost by leakage, 

Since for small degrees of magnetization the resistances 
of armature and magnet are not very different from their 
lowest initial values, which are very small in compaiiion 
with the resistance of leakage, it follows that for the early 
stages of magnetization leakage has very little influence 
on the exciting power ; in other' words, that the creation 
of leakage or waste field does not materially increase the 
expenditure of energy required to produce the useful 
field. For a more intense magnetization, such as found 
in the usual working conditions of dynamos or motors, 
the case is, however, very different. The resistance of 
the annature has now considerably increased, and with 
it has increased at a still faster ratio -V,, that portion 
of the exciting power (or magnetic pressure at 



tion 
the J 
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) which is necessary to force the lines throu^fb 

ind armature. The immediate result is a large 

icrease of the waete field, which has to he provided for 

' the magnet ; augmenting, therefore, the density of 

les in the core of the latter conaiderahly heyond the 

which would otherwise correspond to the useful 

Hence large increase of magnetic resistance, and 

consequently also of exciting [xiwer, 

The detennination of the exciting power for any given 
lumber of useful lines through the armature would now 
be posBible if we knew first what is the resistance of 
leakage, and, secondly, what is the relation between the 
induction (lines per square inch of iron) and magnetic 
jreaistance for the particular quality of iron used in the 
machine. This relation can be expenmentally deter- 
mined from samples of the iron, and the leakage can be 
approximately calculated from the drawing. The latter 
process is, however, somewhat uncertain, because, with 
the complicated forme of dynamos, the path of leakage 
lines cannot be easily defined, and much must be left to 
what may he called the mechanical instinct of the in- 
vestigator, accoi-ding to which he is able to make certain 
assumptions. The experimental determination of the 
magnetic properties of the iron used, on the other hand, 
entails so much laboratory work that very few makers of 
machines could afibrd to undertake such investigations 
ibr every machine they build ; and the author has there- 
fore adopted an approximate method which, although not 
aiming at great scientific accuracy, is in fairly close 
accord with the results of actual practice. According to 
his method, the resistance of leakage is assumed to be in- 
versely proportional to the linear dimensions of the 
machine and the magnetic resistance of the iron is assumed 



I 



J 



to be a function of the saturation coefficient. Lei 
?, be the numbei' of lines passing through the armature 
core, and let Z, be the maximum number of lines whicla 
the core can accommodate when saturated (the corre-' 
8pon4ing exciting power or magnetic pressure being 
infinite), then the ratio Si/Z, = ?, is the saturation co— 
efScient. The magnetic resistance, with an induction at 
Zf, would then be given by the product of the initial mag- 
netic resistance 
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which has received the name of " tangent function." As- 
suming, then, that the tangent fimction represents cor- 
rectly tbe increase of magnetic resistance due to an 
increase of induction, we bare all tbe data necessary for 
the pre-determination of the characteristic of magnetiza- 
tion, and from this for tbe pre-determination of all tte 
other characteristics of a machine. From numerous ex- 
periments made by the author with his own machines, 
and from data supplied bim by other dynamo makers, it 
appears that the iron now obtainable for the construction 
of dynamos and motors is of a very high quality and 
saturation may be considered to take place in armature 
cores when the density of lines has reached 26, and in 
magnet cores when it has reached 18. The following 
table has been prepared by Mr. A. T. Snell on the h 
of these figures : — 



I 



FBE'DSTEEMINATION OF CHABACTEBISTICa. 121 









per square inch. 

• 


TUigent Fanction. 


AimatnTM. 


Field*. 


1 


100 


1005 


2 


101 


1-013 


3 


101 


1-021 


4 


102 


1041 


5 


103 


1-069 


6 


104 


1-104 


7 


1-04 


1-147 


8 


108 


1-202 


9 


111 


1-273 


10 


114 


1-362 


11 


117 


1-489 


12 


1-22 


1-654 


13 


1-26 


1-891 


14 


1-29 


2-250 


15 


1-40 


2-853 


16 


1-49 


4-624 


17 


1-57 


7-707 


18 


1-79 


infinite 


19 


1-96 




20 


2-18 




21 


2-52 




22 


3-05 




23 


3-92 




24 


5-61 




25 


10-82 




26 


infinite 





To ascertain the exciting power required to produce a 
certain flow of lines in the armature of a given dynamo^ 
^e proceed now as follows : We determine from the draw- 
^g the cross-sectional area of iron in the armature a b 
^nd magnets A B. The induction when saturated is re- 
spectively 26 a by and 18 A B. We assume now a cer- 
tain useful induction Zi^ and determine the corresponding 
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density, zj (a h). The value of the taugent fuDctiot 
then taken from the table and multiplied with the ii 

resistance of the armature core f — -ij. Add to tfaiB-l 

reBiatance of the interpolar space I - ■ - 7 — j, and multl] 

the sum with r,. This gives that portion of the excitij 
power which is required to force the useful number 1 
lines Tj through armature cove and intei-polar space (3 
The corresponding magnetic pressure creates a cert! 
leakage, which is given by the expressions 



From numerous experiments the author has found t 
for single upright horse-shoe machines of the type shol 
in Fig. 40, the resistance of leakage can be represenn 
by the formula 

680 

whilst for single horse-shoe inverted machines (Fig. i 
where the poles are in proximity to the ii'on bed-phi 
the leakage resistance is somewhat smaller, and may] 
represented by the formula 

_ 460_ 

The flow of lines through the field magnet may appre 
mately be taken as the sum of useful and waste lines, 

^. - =■. + ;. 

"We determine now the density of lines in the 
zJ A B, and find the corresponding multiplier from t 

2 Z 
table. The initial resistance of the field— .-•„ must J 
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mnltiplied with this figure^ which gives the actual re- 
sistance corresponding to this particular induction. Th(* 
product multiplied with z^ gives X^ that part of the 
total exciting power which is necessary to force z, lines 
through the magnet. The total exciting power is 

The same calculation performed for a variety of values of 
Zi, and the results plotted^ gives the curve known as the 
characteristic of magnetization. By way of example is 
here added the calculation for a single horse-shoe upright 
machine^ having the following dimensions : 

Armature core^ 13 in. diam.^ 14 in. long^ 2| in. deep. 
Field-magnet, 14 in. bore, 7 in. by 13 in. cross-section. 
p = 50-3 ; Ra = 627 R^ = 54 R^ = 133. 

The density of lines through armature and magnet is 
denoted by m and iVf respectively, and jfiT, and K^ are re- 
spectively the tangent functions for armature and magnet. 
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'x 


54 


^2 


Km 


400 


454 


7-2 

5 


650 


75 


626 


10 
6-8 


825 


115 


940 


15 
10-3 


1,000 


142 


1,142 


18-2 
12-5 


1,100 


162 


1,262 


20 
13-85 


1,165 


175 


1,330 


21 
14-6 


1,210 


190 


1,400 


22 
15-4 


1,265 


200 


1,465 


23 
16*1 


1,300 


220 


1,520 


23-5 
16-7 


1,310 


222 


1,532 


23-8 
16-8 


1,320 


245 


1,565 


24 
17-2 



f; 


Ra X K^ 
Rf X K^ 


R(A'¥ei) 


f i 


1-04 
1-069 


•56 
1-42 


6^83 


2,732 
644 


1-14 
1-13 


•61 
1-6 


6-88 


3,784 
936 


1-4 
1-39 


•75 
1^84 


7-02 


5,800 
1,730 


1-8 
1-75 


•97 
2-32 


7^24 


7,240 
2,644 


2-18 
2-2 


1-18 
2-92 


7-46 


8,196 
3,700 


2-52 
2-54 


1'36 
3-37 


7-63 


8,812 
4,483 


3-06 
3-2 


1-647 
4'25 


7-92 


9,600 
5,950 


3-92 
4-2 


2^11 

5-88 


8-38 


10,600 
8,614 


4-3 
6 


2-32 

7-98 


8-59 


11,167 1 
12,130 


4*9 
6-6 


2-75 

8-8 


9-02 


11,816 
13,480 


5-61 
10 


3-03 
13-3 


9-3 


12,270 
20,814 



3,376 

4,720 

7,530 

9,884 

11,900 

13,295 

15,550 

19,214 



23,297 



25,296 
33,084 



To show the influence of leakage, the calculation ij 
here also given for a machine of the same dimensions bu1 
of the inverted type. In this case p = 34, all the othei 
constructive data being the same. Fig. 55 represents the 
characteristics of these two machines as plotted from these 
figures. 
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X 


4D0 


80 


48D 


7-2 
5-3 


1-0* 
1-075 


•96 
1-43 


6-83 


2,732 

686 


3,418 
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m 


061 


10 
7-28 


1-U 

1-16 


■61 

1-S4 


1- 


3,784 
1,020 


4'i804 


m 


ni 


m 


IS 
10-9 


i:^ 


■7B 
1-97 


7-03 


5,800 
1,960 


7,760 


ODO 


312 


wa 


IB -2 
13-3 


1-e 

3 


-97 
S-6S 


7-34 


7,240 
3,220 


10,4(0 


100 


S41 


1,M1 


20 
U-7 


a-18 


1-18 
3-» 


7-49 


8,199 
4,827 


13,093 


15S 


m 


l.llS 


21 
15-S 


3-53 
3-34 


1-36 
4-44 


7-69 


3,812 
6,383 


19,094 


aio 


283 


1,493 


23 
]S-3g 


3-06 
4-9 


1-647 
6-9 


7-93 


9,600 
9,700 


19,300 


MG 


29B 


1,5« 


16 9 


3-9 

7 


1-9 
9-31 


8-17 


10,190 
14,400 


34,SS0 


!60 


308 


1,568 


33-9 
n-23 


3-8 
10 


3-09 
13-3 


8-32 


10,480 
30,860 


31, «0 



We may now proceed to slutw the use and iDterpreta- 

D of characterutic correB geaerallj. 

Fig. 56 shows the intenial and eztenial characteristics 
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of a series-wound Siemens dynamo, as given by Dr. Ho] 
kinson in the Proceedings of the Institution of Mi 
chanical Engineers, 1879. The dotted curve E, rejw 
sentE the electro-motive force at the terminals of tl 
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hms. Thus at 50 amperes the loss is 30 volts, and it will 
e seen from the diagram that the difference between the 
vvro ordinates corresponding to 50 on the abscissas is 
0. We can also represent the loss of electro-motive 
orce by a characteristic, and since it is always propor- 
ional to the current, the characteristic in this instance 
}ecomes a straight line, Or. The geometrical tangent 
)f the angle which this line forms with the horizontal is 
Bvidently equal to the internal resistance of the machine. 
The ordinates enclosed between O r and O E^ represent 
the external electro-motive forces, and therefore the in- 
ternal characteristic, O J?^, becomes the external cha- 
racteristic if we take O r for the base line instead of the 
horizontal. 

By a very ingenious method due to Professor Silvanus 
P. Thompson these characterics can also be used to 
«how at a glance the horse-power which corresponds to 
any particular current or electro-motive force. As already 
Aown the horse-power represented by a current c flowing 

e E^ 

under an electro-motive force E^ is H-P = * • One 

Horse-power can be represented by an infinite variety of 
<; and E^y but these values must all satisfy the equation 

746 = c E^. 
A curve representing this one-horse power will pass through 
all such points of which the product of their ordinates is 
a constant, viz., 746. Similarly a curve representing the 
value of two horse-power will pass through points of 
which the product of their ordinates equals 1492, and so 
on. In other words, all the horse-power curves are rect- 
angular hyperbolas,^ and by drawing a set of these curves 

^ Tlie leaks for rolU and amperes being equal. 
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across our diagram — as shown in dotted lines — we c 
determine at a glance wliat is the horse-power correspon 
ing to any point on the characteristic. Thus a current 
30 amperes represents about 3 "35 H-P of internal ek 
trical energy, and about 2'7 H-P of electrical output 
energy delivered into the external circuit, A current 
50 amperes represents a little over 6 H-P internal, and 
little over 4 H-P external energy, and so on. 

In a dynamo the internal characteristic lies alwa; 
above the external characteristic. In a motor, howevf 
their position is reversed, since the external electro-moti' 
force must necessarily be greater than the counter-electr 
motive force developed in the armature coils. Fig i 
shows the characteristics of the Siemens dynamo me 
tioned above if used aa motor. Not to get the diagrs 
too long the speed has been reduced to 500 Eevolutioi 
The curve E, represents the counter electro-moti 
force developed in the armature coils, and the curve j 
which is shown in a dotted line, represents the termir 
electro-motive force. The difference between the ordinal 
of the two curves represents the electro-motive for 
necessary to overcome the internal resistance of t 
machine. By drawing the straight line O r under 
angle, the tangent of which is numerically equal to t 
internal resistance, but this time below the horizontal a 
not above it as in the former example, we can regard 
as the new base line, and then the curve O JS, becon 
the external characteristic. 

In diagram (Fig. 56) it is assumed that by some mea 
we keep the speed constantly at 500 revs, a minute. Ea 
as it is to fulfil such a condition in a dynamo, it presei 
considerable difficulties if we have to deal with a serit 
wound motor, because its speed depends on a number 



SPEED CHARACTERISTICS. 139 

8 which to a certain extent may vary independently 
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each other.. The speed depends on the current and 
:tro-motive force supplied to the motor, and on the 
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amount of mechanical work it has to do. In some cas 
the work iteelt', that is the product of turning mome] 
and speed, depends on the latter, and thus it will he sec 
that the relation between these various quantities is ( 
a rather complex nature. It is however easy to represei 
these relations graphically by the uae of speed eharai 
teristics, which were first published by the author in " Th 
Electrician," of December 29th, 1883. Assume the ca» 
that the external electro-motive force is a fixed and cM 
atant quantity. What will be the relation between speed 
power, and efficiency of, say, a series-wound motor 
Since £, is constant at all currents, we have practicall; 
an unlimited supply of current such as would be ol 
tained from the mains in a system of town supply. Th 
current passing through the motor will depend on il 
resistance, and on its counter-electro-motive force. Tli 
former is constant, whilst the latter increases with tl 
speed. The faster we allow the motor to run the lei 
current will flow through it, and the less power will I 
absorbed by it. Let in Fig. 58 the speeds be plotted i 
abscissa;, and the electrical horse-power absorbed as ord 
nates, then with a series-wound motor we obtain tl 
curve JV W. The exact shape of this curve depends, 
course, on the construction of the motor, but its gener 
character will be as shown. The easiest way of findiE 
the curve experimentally is by attaching a brake to tl 
motor, and loading it with different weights so as to pr 
duce different speeds. The horse-power absorbed by t 
brake can at the same time be plotted in the curve w 
If we begin with an excess of load on the brake, whi 
will hold the motor fast, a maximum of current will flo 
and a maximum of electrical energy will be absorb 
without producing any external work. On the otli 
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., if we remove the brake altogether the motor will 
n a maximum velocity o m, and again no external 
: will be produced, but in this case very little current 
pass, and the electrical energy absorbed will be a 
mum. Between these extreme limits of no speed and 
imum speed external work will bo produced, and 
e is one particular speed, o, a, at which this work will 
maximum. The ratio of the ordinates of W and w 
be plotted in a curve, »i »i, drawn to any convenient 
3, and this gives the commercial efficiency of the 

Fig. 58. 




SPEED-CBABACTE&IBTICS OF 8EK1E8 MOTOR. 

Dr as a function of the speed. There is one particular 
d, o b, Sit which the efficiency is a maximum, but this 
ot necessarily the same speed as that for which the 
£ is a maximum. As a rule it is considerably greater, 
in actual work the motor should be so geared that 
ms at or about the speed of maximum efficiency, 
he experimental determination of the most economical 
d, as just described, requires the employment of a 
Eunometer or brake, and if such an apparatus be not 
land, cannot be adopted. In this case a different 
iiod can be used, which is fairly reliable, akhough not 
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Huite so accurate as the actual power test. The queeti 
to be solved is the relation between speed and current a 
a given series-wound motor supplied with current at^ 
constant electro-motive force. This question can I 
t-olved if we know the Internal resistance of the moti 
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and its internal characteristic. Having obtained the rela- 1 
tion between speed and current, we can construct the diar I 
gram Fig. 58, making a certain allowance for the effi- 
ciency of conversion. We assume that the motor derives I 
its supply of current from a pair of mains between whioli 
a potential difference of 100 volts is maintained. Let, is ■ 
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m, 59, O E, represeut mtomitl charactenstic fur ii i-ou- 
Rnt speed of say 500 r«vs., und let the inclined straight 
line, r, be drawn across the diagram at such an angle with 
the horizontal that its geometrical tangent is numerically 
equal to the internal resistance of the motor in ohms, then 
the ordinates of the line, r, represent the counter-electro- 
motive forces which must be created in the coils of the 
armature so that any given current may pass. Thus, at 
100 amperes, the counter-electro-motive force must be 40 
volts. K the armature revolves at a speed of 500 revolu- 
tions a minute, we see from the characteristic that its 
counter-electro-motive force is 68 volts, and to bring the 
latter down to 40 volts, so that a current of 100 amperes 
may pass, the speed will have to be reduced in the pro- 
portion of 68 to 40. The speed corresponding to a cur- 
rent of 100 amperes is therefore 500. — = 294 revolu- 
tions. Similar calculations can be made for other values 
of current, and the speeds obtained can be plotted in 
a curve shown in Fig. 59, below the horizontal. At 166 
amperes the speed is zero, because the whole of the con- 
Btant electro-motive-force available of 100 volts is re- 
quired to overcome the internal resistance of the motor, 
leaving nothing to be opposed by counter-electi-o-motive 
force. At 16 amperes the speed is 1000 revolutions, and 
at smaller currents the speed might be still greater. 
Theoretically, it should be infinite if no current passes, 
and this would be the case if the motor were free to 
revolve without doing any work, and if there were no 
internal mechanical losses. This, of course, is an impos- 
sible condition, and a limit is set to the speed by the 
work which must he done to overcome mechanical and 
magnetic friction. In good motors this is, however, com- 
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paratively small, and consequently the speed of the motor, 
when running empty, is inconveniently high. This is a 
great drawback in many cases, especially where motoM 
are required to drive lathes and other machinery offering 
a variable resistance. The example represented in Fig. 1 
59, applies also to the case where a series-wound motoris L 
worked from a set of secondary cells, having a very loff 
internal resistance, as the electro-motive force is then 
approximately constant at all currents. To lessen the 
difference in speed it is usual to insert a rheostat or vari- 
able resistance into the circuit between the cells and the 
motor, A maximum of resistance is inserted when the 
motor is running empty, and as the load increases resiEtp 
auce is switched out so as to regulate the speed. At 
best this is a clumsy device, requiring personal attention, 
and not very efficient, as with it variations in speed csn 
never be altogether avoided. It is also wasteful, the heat 
developed in the artificial resistance being so much power 
lost, A better plan is to wind the field magnets of 
the motor on the compound principle, both main and 
shunt coils magnetizing in the same direction. This will 
raise the early part of the characteristic as shown in 
dotted lines, and will reduce the speed as shown also in a 
dotted line. This method is not a complete cure for the 
evil, but it is a palliation of it which in practice proves 
very successful- To make the motor perfectly aelf-regu- 
lating, it would be necessary to let the main coils on the 
field magnet excite the latter in an opposite sense to the 
shunt coils ; but then a very valuable quality of the series 
motor, viz., its great starting power, would be lost. If a 
motor is employed for railway or tramway work it is very 
important that there should be an excess of power at 
starting. This condition is admirably fulfilled by the or- 



p.1 



■ aELF-iimucTioir. 185 

Mary series- wound motor, since the carrent, the strength 

■ the field, and the statical effort or torque are all maxima 
■hen the motor i^ at rest and decrease as it gathers speed. 
Biere is thus rd automatic adjustment between s[)ee<), 
Ipwer, and resistance. Take, as an example, an electn<^ 
Bamcar worked by accumulators. On a heavy gradient 
B bad part of' the road, the speed is low, allowing a large 
Ipirrent to pass through the motor, thus providing the 
■ktra amount of tractive force necessary ; on a good level 
B»d the speed will increase, less current will pass through 
Be motor, and less tractive force will be developed But 
■B a downward iacline, when no tractive force at all is 
kcessary, the motor, and with it the car, would acquire 
■do high a speed if not checked in some way. This was 
■ne of the difficulties encountered in the early forms of 
pBr, Reckenzaun's electric tramcar, worked by accumu- 
lators. Each car was provided with two series-wound 
Heckenzaun motors, gearing by means of a worm and 
vheel directly with the axles of the car. On a very 
good level road, and on downward gradients, it was neces- 
sary to continually handle the brake in order to prevent 
the motors running too fast. This defect has been removed 
in the later forms of electric tramcars ; the motors are 
wound on the compound principle, and thus a certain ini- 
tial strength of field is maintained whereby the speed of 
running light is reduced to a safe limit. 

Hitherto we have assumed that the internal charac- 
teristic giving the electro-motive force as a function of 
the exciting power is the same for all currents flowing 
through the armature. This is not strictly accurate. 
Experiment shows that the greater the cuiTent flowing 
the armature of a dynamo the smaller is the 
lectro-motive force. The reduction ia greater than that 
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-which corresponds to the product of resistance and cut* 
rent, and thus we are forced to the conclusion that, apart] 
from the passive electrical resistance of the wire, there il \ 
some other element tending to lower the electro- motiv8 1 
force. The reason is not ffli' to seek. When a dynai 
is at work each coil on the armature is alternately tra- J 
versed by currents in one and the other direction, thfl 
change taking place each time the coil passes under one 1 
or the other brush. When a coil passes under one of tbe I 
brushes it is for the time being short circuited in itself, and 
since a moment before it was traversed by half the total 
current, its self-induction will cause a gradually diminish- 
ing current to flow in it after it has been short circuited 
by the brush. By the time the coil emerges on the other 
side of the brush that current may not yet have died out, 
and will cause a spark, especially since at that moment 
half the total current is forced through it in an opposite 
direction. To avoid the spark we are forced to shift the 
brushes forward a certain distance beyond the neutral 
diameter, and it is well known to all who have to do with 
dynamos that the advance must be the greater the greater 
the current. The immediate result of shifting the brushes 
forward is to bring the coil in its short circuited state into 
a part of the field where there are lines already tending to 
produce an opposite current. In consequence of this tlie 
current circulating by self-induction will not only be ex- 
tinguished the sooner, but the opposite current will be 
started, and if the brushes are properly placed it will have 
grown to half the strength of the total armature current 
by the time the coil emerges from under the brush. In 
that case there will be absolutely no spark, but thnse 
hnes which were instrumental in toning down the violence 
of the change in the direction of the current are lost foe. 
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the production of electro-motiTe force, and it is easjr to 
see that this 1o§b muBt be felt the more the greater the 
enrrent. The next remit of the Bhifting of the bnubea 
IB to bring the poles indaced by the armature current, in 
the core of the latter, somewhat nearer to the field magnet 
poles of the same sign, thus pushing the latter forward 
and distorting the field. This, at the same time, weakens 
the field, and thus the electro-motive force is again re- 

FtK.60. 
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dDced. In good dynamos the total reduction of electro- 
motive force due to these two causes should not be more 
than about 5 per cent., but in badly designed machiaes, 
especially in those with weak field magnets, the reduction 
is often considerable, as will be seen from Fig. 60 which 
tepresents the internal characteristic of an A Gramme 
d;namo tested by M. Marcel Deprez. 

This behaviour of the dynamo can best be studied with 
Kparately excited machines, and Mr. Esson bos made 
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very careful trials on the subject, which were publii^^H 
in April, 1884, in " The Electrical Review." The^H 
name experimented upon was a " Phoenix " machine 1hH| 
Pacinotti armature. It was separately excited and kepi^ ; 
running at a constant speed of 1,600 revolutions a minutBj 
whilst the current which was permitted to flow throQgfe a 
the armature was varied by means of a rheostat. ThaLi 
line E, Fig. 61, represents the internal electro-motirS ■ 
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force corresponding to the constant exciting power if there 1 

motive force which would be found at the brushes if 
there were no reaction, and the line Eh' was that actually 
observed. The difference of the ordinatea of ^J and £6' 
represents the loss of electro-motive force due to aelf- 
induction, weakening and distorting of the field. The 
same influences which tend to lower the electro-motive 
force of a dynamo tend, on the other hand, to increase the , 
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er-electro-motive force of a motor. This has been 
igated by the author, experimentally^ by separately 
ng the field magnets of a Biirgin dynamo, and mea- 
5 the electro-motive force under the following three 
tions : Ist, No current was allowed to flow through 
rmature ; 2nd, A current was allowed to flow doing 
:nal work by heating resistance coils ; 3rd, A current 
another dynamo was sent in an opposite direction 

Fig. 62. 




ugh the armature, causing it to revolve and produce 
smal work on a Prony brake. We have now to dis- 
uish between the static electro-motive force found by 
3riment 1 ; the dynamic electro-motive force found by 
jriment 2 ; and the counter-electro-motive force found 
ixperiment 3. By repeating the experiments under 
rent conditions, three internal characteristics were 
lined occupying relatively to each other the position 
m in Fig. 62. 



CHAPTER V. 

Graphic TreOitment of Problems — Muximum Estemal Ens^}' — Msx: 
Tbeoretical EfficieDtjv— Determination of beat Speed for Maximum & 
inereial Efficiencj— Variation of Speed in Shunt Motors— The Comprf 
Machine as Generator — Sjstem of TruDsiniision at Constant S 
Prattita] Biffitulty. 

Ths treatment of problema relating to the elect 
transmission of energy is greatly Himplified by the u 
the curves explained in the preceding chapter, and h 
other graphic methods, of which we may mention t 
due to Professor Silvanus Thompson. The problem ■ 
as follows. Let a square A B CD be drawn so thatti 
length of one of the sides shall represent the elects 
motive force E of the supply to any convenient b 
Fig. 63, and let the couuter-electro-motive force e 
motor be represented by the length A F = A G. 
through F and G the lines F K and G H respectii 
parallel to A B and A C. The energy supplied 1 
motor equals the product of electro-motive force i 
curi'ent C, whilst the work converted into mechat 
energy in the annature of the motor equals the p 
counter-electro-motive force e and current C. Let R n 

sent the total resistance in the circuit, then C = 

which in our diagram is represented by the length i 

divided by B. The energy delivered to the motoi 
evidently 
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R 

md that converted in the motor is 
e{E-e) 
R 
Now the area of the rectangle F KD C = E (E — e) 
and the area of the rectangle G B K L = e {E —e) ; 
and since ^ is a conetant, we find that these areas — shaded 
in our diagram — are proportional to the work expended 
and recovered. 
Thompson's diagram can immediately be used to solve 

Fig. 63. 



■^H: 



gnphically two of the problems which have already been 
treated analytically in the first chapter (page 39). These 
Kd the following : First, what is the condition of maxi- 
mum work obtained from the motor ? and, secondly, what 
is the condition of maximum efficiency P 

The answer to the first question is easily found by 
inspecting our diagram, Fig. 63. Since the rectangle 
G B K L, which represents the work of the motor, is 
inscribed between the diagonal A D and the sides A B, 
D B ; the question resolves into that of finding which of 
all possible rectangles inscribed within these lines has a 
maximum of area. This is evidently a square, the sides 



m 
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of which are half as long as those of the external squfl 
In this case the work expended is represented 1 
rectangle of half the area of the external square, : 
the efficiency is therefore 50 per cent. 

We have : Work expended - 



R 2 
1 E' 



„ Work recovered . 

„ Efficiency >i = 0-50. 

As regards the second question it will readily be w 
that the discrepancy in the area of the two rectanj^ 
rig. 63, is the greater, the nearer the point i is to ^, t 
other words, the smaller the counter-electro-motive foij 
In the same measure as the latter increases, point i 
pushed further towards D, and the areas of the two r 
angles become more and more equal. The effi 
therefore, tends towards unity as the counter-el« 
motive force of the motor tends towards the electro-moti^ 
force of the source of supply of electricity. This s 
ment has already been made in the first chapter, and U 
theoretically quite accurate ; but from a practical poind 
view it requires some qualification. It will be seen t 
when the counter-electro-motive force of the motor a 
proaches very closely the electi-o-motive force of ( 
supply, the current becomes very small, and the i 
expended and converted becomes also very small, 
the work converted in the motor is not all availablfi 
the shape of external mechanical energy, and it i 
welt happen that in this case, after the resistances 
mechanical and magnetic friction has been o 

,rgin remains for useful external work. The i 
mercial efficiency would therefore be Zero, although 1 
theoretical efficiency is a maximum. To put the man 
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in another way: a certain minimum of current ib required 
to overcome the friction of the motor, quite apart from 
any external resistance. It has been shown that with a 
constant field the torque of the motor depends only on 
the current which passes through the armature, and is 
independent of the speed. We may apply this law with 
Bufficient approximation to the present case and assume 
tliat at all speeds the current which is required to over- 
come the internal friction of the motor is constant. Let y 
represent this minimum of current, which will just keep 

E — e 

the motor alone going, then — = — — y is the current 

doing useful external work, and the commercial efficiency is 

E-e 
nz=i e . R 



ri = 



E E — e 
Ee — e^ — e By 



E* - Ee 

To find the condition under which n becomes a maximum 

d n 
we put -;— = and obtain 

(E - ey = ERy 29). 

This formula is capable of graphic representation. Let 
in Fig. 64 O A represent the current y, which is required to 
keep the motor revolving at or near its normal speed when 
no external work is being done, and let O H represent the 
electro-motive force E of the source, which we suppose to 
be constant for all conditions. This would be practically 
the case if the source of current were a self-regulating 
dynamo, or a set of secondary batteries having a very low 
internal resistance. The area of the rectangle O A G H 
represents the number of watts required to overcome the 
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friction of tlie motor at its normal speetl when doing^ 
external work, and if the motor be shunt-wound, or ( 
pound-wound for constant speed, its strength of field \ 
not greatly vary when external work is being done,j 
we may with a reasonable degree of approximatioa 1 
gard the area of the rectangle A G H to represent 9 
internal loss of energy in the motor under all conditi) 
Draw O ^ at such an angle to the horizontal that| 
geometrical tangent is numerically equal to the 1 
electrical resistance of the motor and the line, then i 



I 



O A B D 



represents the loss of electro-motive force correspondj 
to the current O A, M D represents the loss correspt 
ing to the current O D, and soon. Produce 0N = 
and complete the rectangle O N P H (dotted in j 
diagi'am). The area of this rectangle is evidently em 
E Ry, and if we produce a square B K L of ecg 
area, the side O L will be equal to the square root J 
E Ry, and will, according to equation 29, represent E^f 
Hence it follows that if we so load the motor that ita 
counter-electro-motive force e = JIL, it will work with ^ 
maximum commercial efficiency. The energy obtained i 
at the motor spindle is represented by the area of the ' 
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H^le G F M T, the energy expended at the aource 
■Bta^ricitj is represented bj the area of the rectangle 
' D F II, and the ratio of the two ia the commercial 
fficiency. 

In the preceding chapter it was ehoTrn how, by the use 
i an absorption dynamometer, the epeed for inaximum 
nmmercial efficiency can be found experimentally; it 
ns also shown how, in the case of a eeries-wound motor, 
^ determination can be made with a fair degree of 
approximation even without the use of a dynamometer. 
We can now employ the relations just found to make this 
letennination for shunt or compound- wound motors also, 
without requiring the use of a brake. This may he ex- 
plained by an example from actual practice. One of the 
mthor's dynamos (shunt-wound and designed to feed sixty 
5I0W lamps) was used as a motor. The electro-motive 
fcrceofthe source, which was a eompound-wouud dynamo, 
fffts 100 volts, current through motor when running empty 
Was 4 amperes, speed 1,100 revs., and resistance of line and 
Umature -2 ohm. Wehave nowfli'=-8 and v^£Ry = 
V80 = 8-94. To obtain best efficiency the motor must 
refore be so speeded that its counter-electro-motive 
: 100;— 8-94 

e = 91 volts, 
a running empty the counter-eleclro-motive force is 
100 — 0-8 = 99-2. 
e beat vForldng speed is therefore 

1100. oq7^= 1010 revolutions. 

The current passing at that speed is 45 amperes, of which 
amperes are required to overcome the internal friction 
f the motor, leaving 41 amperes to produce useful 
sternal work. By gearing the motor to the speed of 



b^ 



- 5"07 H-P, actually available ou the mot 



1010 revolutions a minute, we shall therefore obta 
41x91 

736 
spindle- 

But it is not always possible to keep the motor runnii 
exactly at the right speed, especially if the load shon 
vary, and in this case it becomes important to know ho 
far ou either side of the best speed a variation may tal 
place without seriously reducing the efficiency. For tl 
motor above cited we find the following figures : — 
1010 revs. 5-07 H-P. e = 91 c = i5 82-8% Com. effi 
1065 „ 2-07 „ = 96 = 20 767 

944 „ 8-20 „ =85 =75 80'0 
It will be seen from this table that a shunt-wound mott 
is fairly self-regulating, the range of speed between i 
load and full load being only about 157o in the presei 
instance. It should be here remarked that the motor d 
scribed is intended for a working current of 45 ampere 
and should not be loaded to more than 5 H-P for Cffl 
tinuous work. This reduces the extreme variation in spet 
to something under 9"/o- To show the influence of d 
resistance of the armature on the best speed and efficieno 
a table is added, calculated for the same motor and tl 
same electro-motive force, but with an additional reai 
tance of "3 ohm in the circuit of the armature, makii 
R = -6. 

950 revs. 2-82 H-P. e = 86 c = 28 73-57„Com.effi 

860 „ 4-30 „ = 77 = 45 70-5 „ 

1000 „ 1-96 „ = 90 = 20 72-0 „ 

In practice, however, the additional resistance wou 
not be placed in the circuit of the armature, but in t 
line, where, indeed, it is unavoidable if the transmissi 
of energy has to be made over a considerable distant 
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By inserting the resistance into the armature circuit only, 
we have not disturbed the condition under which alone 
formula 29) gives the best speed, viz., that the strength of 
the field shall be the same for all currents and speeds. 
This condition might be fulfilled even in the case of a 
transmission to a considerable distance if we excite the 
field of the motor separately or by a pair of separate wires 
from the distant source, but in practice such an arrange- 
ment would be too complicated and, as we shall see pre- 
sently, it would have no advantage in point of constancy 
of speed over the simpler plan of exciting the field of our 
shunt-motor direct from the line which brings the working 
current. The effect of an increased resistance in the line 
is in the first instance to lower the electro-motive force at 
the terminals of the motor. With a constant strength of 
field this would naturally lower the speed of the motor, 
but if its field magnets are not excited to the saturation 
point, the reduction of electro-motive force at the ter- 
minals of the motor will result in a reduction of the 
strength of the field, thus allowing more current to pass 
through the armature by which its torque and speed is 
increased until its counter-electro-motive force again 
balances the reduced electro-motive force of the supply. 
The variation of speed will therefore be smaller than 
Would at first sight appear. But a little consideration 
will show that the gain in speed due to the increased 
armature current can never quite compensate for the loss 
of speed due to the reduced electro-motive force, and thus 
a pure shunt-wound motor, if fed from a source of con- 
stant electro-motive force can never be perfectly self- 
regulating. It must run faster when the load is thrown 
off, and it must run slower if more work is put on it. 
We found the same to be the case with the pure series- 
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wound motor, but in a more marked degree. In this 
respect the shunt motor is preferable, as will be seen from 
the above tables (page 146), as its speed when running 
empty is only slightly higher than when loaded, whereas 
the speed of the series motor when running empty is 
excessive. On the other hand, the shunt motor has no 
starting power, since its armature, when at rest, forms a 
short circuit of very low resistance. To start a shuiit 
motor it is necessary to an'ange the switch in such manner 
that the field becomes excited before the current is 
allowed to flow through the armature, and to avoid 
excessive spai'king or heating of the armature, in cases 
where the motor has to stai-t with the load on, additional 
resistances must be placed into the ai-mature circuit, 
which are again cut out as soon as the motor has attained 
some speed. 

We shall now investigate the problem in what manner 
the electi'O-motive force of the source of supply must be 
varied in order to produce constant speed in a shunt- 
wound motor working under a varying load. Not to com- 
piicate the problem too much, we assume that the field 
magnets of the motor are, with the normal electro-motive 
force, excited to a very high degree, so that any sligkE ' 
variation in the magnetizing current cannot produce any 
material difference in the strength of the field. Under 
this condition the couuter-electro-motive force in thft 
armature of the motor will vary directly as tlie speed ; 
and since the latter is to be constant, the fonner will also 
be constant for all loads. Let y represent the armature 
current if the motor runs without load, let c be the 
current when there is a load, and let e be the constant 
counter-electro-motive force, then (c— 7) e represents the 
external mechanical energy ; and since e and 7 are both 
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instants, a variation of external energy, or^ a8 we call it, 
variation in the load of the motor, makes it neccBsarv to 
ary the current c through its amature. This is done by 
aising the electro-motive force E of the supply if the load 
ncreases^ and lowering it if the load decreases. Let R 

E -- e 

be the resistance of line and armature, then c = — - 

a 

and J? = e -\' c R. We neglect as very small the amount 
of current required for the shunt on the field magnets. 
The equation shows that to maintain a constant speed of 
the motor the electro-motive force of the source ought to 
increase with the load. Its lowest value, when there is. 
no load, will be J? = ^ + y -ff, and its highest value will 
be when load, and consequently current, are both maxima. 
The difference between the lowest and highest value will 
be the less, the smaller the resistance R of line and arma- 
ture, but it can never entirely vanish, for that would re- 
quire a line and an armature of no resistance. From the 
above considerations it will be seen that two shunt-wound 
dynamos can under no circumstances form a system of 
transmission of energy at constant speed of the receiving 
machine, because the electro-motive force of the generator 
—which we suppose to be driven by some prime mover at 
a constant speed — decreases as the current given out in- 
creases, whereas the motor requires exactly the opposite 
relation between these quantities. A shunt motor might 
be made to run at a constant speed by using an over- 
compounded dynamo for the generator. The principle of 
the compound-wound dynamo, or, as it is also called, of 
the self-regulating dynamo, is so well known that a few 
words only of explanation will suffice. 

Let the field magnet of a dynamo machine be wound 
with two coils, one of fine high resistance wire coupled 
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direct to tbe brushes, and the other (if stout low reeisl 
wire, coupled in series with the brushes and the e: 
circuit. If the latter be open, no current passes thn 
the main or series coils, and the magnelism of the mai 
is entirely due to the exciting power of the shunt 
If the machine is properly designed, this amount of 
netiam should produce an internal electro-motive 
exactly equal to that which it is desired to maintain 
currents in the external circuit, provided the dynai 
driven at a constant speed. If a current is permitted 
flow through the armature, the electro-motive 
measured at the brushes is naturally somewhat less 
that created within the armature coils, on account 
losses through resistance and self-induction, the h 
creasing with the current. To compensate for this loaa it 
is necessary to increase the internal eiectro-motive force, 
and this is accomplished by an increase in the strength of 
the magnetic field. This is brought about automatically 
by the main current itself, which assists the shunt cun-ent 
in exciting the field magnets. In a correctly compounded 
machine the increase of magnetization due to the 
coils is sufficient, and no more than sufficient, to keep the 
external electro-motive force constant at all currents 
which can safely be passed through the machine. We 
say the machine is accurately compounded for constant 
terminal pressure. 

Now it is easy to see that we can overdo the thing, by 
putting on somewhat finer shunt wire, which will lower 
the electro -motive force when the machine works on open 
circuit or on a circuit of high resistance ; and by in- 
creasing the number of main coils so as to make the ex- 
citing power of the main current preponderate over that 
of the weaker shunt. In this case the increase of iuternal;. 
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ilectro-motive force will more than counterbalance the 
BB through self-induction and resistance, and the result 
ill be that up to a certain limit the extcnial cleelro- 
notive force will rise as the current increases. Such an 
OTei-compuunded machine could therefore be used as a 
generator, the receiver being an ordinary shunt machine, 
tnd we would thus obtain a system of transmission of 
energy at constant speed. 

Theoretically this is quite correct, but in practice there 
arises a difficulty due to the fact that the polarity of a 
compound machine can easily be reversed, especially if 
tbe influence of the main coils is considerably greater 
dian that of the shunt coils. The author has attempted 
to establish such a system of transmission of energy at 
constant speed, but failed for the above reason. The 
&iiui-e was, however, more instructive than would have 
been the case had the system worked with theoretical per- 
fection, and an account of it was published at the time in 
" The Electrician " {April, 1885), of which the following 
is an abstract : — 

"A series-wound dynamo, when used as a motor, runs 
in the opposite direction to that in which it has to be 
driven when used as generator. To make the machine 
run in the same direction (call it forward), the coupling 
between field and armature must be reversed. "With a 
shunt machine this is not so ; the couphng between field 
and armature remains the same when used as a motor, 
and it runs always forward. The shunt machine used by 
the [author was driven by a current from an over-com- 
pounded dynamo, the shunt of which was weak as coni* 
pared to the main coils, and when the motor was doing 
little or no external work it behaved in a most erratic 
manner, running backward and forward alternately. At 
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every reversal excessive sparking took place I 
brushes of both the motor and generator, and I 
clear that both machineB were overstrained and woi 
speedily come to grief if the circuit were not interrupt 
To explain what takes place under these circumstani 
Tve will start with the assumption that the generator 
kept running at a constant speed, and that the motoi 
switched on whenever power is required. This ia t 
usual practice where motive power is used at intervals I 
industrial purposes. Since the leads from the general 
remain always charged, the moment we switch the mol 
on, a large current will pass through its armature an( 
small current tlirough its magnets. As the motor is 
rest there is no counter-electro-motive force to oppose t 
flow of electricity through the armature, and the resuU 
B. momentary excess of current. The immediate effect 
this is to start the armatui-e revolving at a high speed 1 
fore the magnets have had time to become fully excit 
for it must be remembered that an armature will revo 
in a non-excited field, though with considerable wast* 
current. The speed required to produce a given count 
electro- motive force ia the greater, the weaker the exci 
tion of the field, and hence the motor starts oS at a nil 
faster speed than it would have in regular work with 
magnets fully excited. On account of self-induction 
the shunt field magnet coils, which is considerable, 
magnets require some time to become fully excited, i 
whilst the strength of the field is growing the armatui 
gathering speed and storing mechanical energy. W! 
at last the field magnets are saturated, the armaturt 
the motor has attained such a speed that its coun 
electro-motive force not only equals, but exceeds the < 
ference of potential maintained between the leads by 
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generating dyDamo, and the curretit is forced back ttimupb 
For the time being the motor acts as a generator, the 
energy stored mechantcaily in ila revolving aimature 
ibeing returned to the circuit in the fonn of current This 
nversea the polarity of the compound dynamo (its shunt 
coils being weak, as stated above), and now both the 
generator and the armature of the motor are working in 
series, the generator assisting instead of opposing the 
current started by tlie motor. At this moment we have 
the following state of things : — The field magnets of the 
motor have just attained their maximum of magnetization 
■with their original polarity ; the polarity of the generator 
has been reversed, and an excessive current, in an oppo- 
site direction to that which produced motion, flows 
through the annature of the motor. Consequently the 
latter is quickly brought to rest, and started backward at 
a high speed. It now opposes a certain counter-elect ro- 
jnotive force to the current from the generator, but it is 
not an increasing force as before. It is a decreasing one, 
because the original excitation of the motor field magnets 
is gradually vanishing, by reason of the reversal of 
polarity in the main leads, from which these shunt coils 
are fed. Just as it took a certain appreciable time of 
several seconds for the magnets to become excited, so does 
it take time for them to lose their magnetism. Even- 
tually there aiTiveii a moment when all the original 
■ polarity in these magnets has vanished, and when, there- 
fore, the force impelhng the annature to run backward 
has also ceased, though there is still an excessive current 
passing through it. A moment later the armature comes 
to rest, and begins to run forward again at a high rate of 
acceleration, when the whole cycle of phenomena just de- 
- scribed is repeated, but this time with a current in the 
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reverse direction to the first. The third cycle will start 
with a current in the same direction as the firsts the 
fourth cycle will start with an opposite current, and 
so on." 

A similar phenomenon was observed by M. Gerard- 
Lescuyer, who used a Gramme series-wound dynamo ad 
a generator, and a magneto machine as a receiver. He 
called the phenomenon an electro-dynamic paradox, and 
a description of it will be found in " The Engineer " of 
Sept. 17, 1880. 



CHAPTER VI. 

classification of Systems according to Soorce of Electricity ^Transmission 
at Constant Pressure — Motors mechanically eovemed—Self-Kegulating 
Motors — Transmission at Constant Current — Difficulty of Self- Regulation 
— ^Motor for Constant Current made Self-Regulating — Application to 
Transmission over large Areas — Continuous Current Transformator — 
Transmission between two Distant Points — Loss of Current by Leakage — 
Theory — Commercial Efficiency — Conditions for Maximum Commercial 
Efficiency — Self- Regulation for Constant Speed — Practical Example. 

It will be necessary to distinguish between different sys- 
tems of electric transmission of energy, according to the 
source of electricity. An almost endless variety of cases 
may present themselves in different applications of elec- 
trical transmission, but three systems are of special in- 
terest, because most frequently occurring in practice. 
These are the following : — 

1. Transmission of energy from primary or secondary 
batteries at short distances to one motor only. 

2. Transmission of energy from one or several dynamos 
to a number of motors placed upon the same circuit, but 
Working independently of each other. 

3. Transmission of energy between two distant points 
oy means of one generator and one motor. 

We may also make another classification according as 
the motors are intended for a constant or variable load, 
or a constant or variable speed. Generally speaking, the 
systems of transmission coming under heading 1) are not 
required for a constant load, nor is it of any great impor- 
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tance that tlie speed sliould remain constant und^^^ 
variable load. We ehall not enter into a minute des^^f 
tion of these cases here, as tbe investigation of ele^^H 
tramways and railways, worked by accumulators, ^^| 
afford ample opportunity of entering into details. ^^| 

Si/stem 2) is tbat presenting most difficulties on acc^^f 
of the condition that all tbe motors must be iudepen^^l 
of each other. The case is further complicated bj^^J 
requirement tbat each motor should run with the i^^| 
speed when empty or loaded. A moment's considei^^H 
will show that tbe last condition is an absolute nece^^f 
if we would make tbe electric transmission of enerS^H 
real practical use to small domestic industnes. j^H 
artisan or small manufacturer would have bis motor ^^| 
uected to a common system of service leads, and ^*^^H 
ever he required power he would switch the cuiTei^^| 
to his motor. In doing ao he must not disturb any othtB^ 
work which, at the same time, may be done elsewhetfl 
from tbe same service mains, such, for instance, as light- 
ing or working other motors ; and further, his motor 
should always run at the same safe speed, whether it i» 
giving him little or much mechanical energy. Mori 
operations requiring the use of tools as turning, plaiiingi 
&C., can only be properly performed at a certain fixed 
rate cf speed, and the machinery must be kept going »' 
that rate at all times. 

System 3) presents difficulties of a different nature- 
Since we have to deal only with one generator and one 
motor, it is easier to make each fit the other, and as a 
rule the load is faii'ly constant, so that regularity of speed 
is not difficult to obtain. In this case the difficulty liei 
more in the necessity of proper insulation of line and 
machinery. Generally speaking, the system is required 
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^boDg diatiiDce tniDsniissioD, anil to obtain an ccono- 
KbI arraDgemeDt, both as regards firet cost and com- 
aercial efficiency, the use of a high electi-o-motive force 
i necessary. This entails some danger to human life, 
,nd some difficulty in maintaining an efficient insulation. 
Joth these points cau, however, be satisfactorily dealt 
rith, if proper care is used in the design and execution 
if the work. As regards the danger to human life in- 
rolved in the use of electric currents of high pressure, 
iis is generally greatly overrated. It is (^uite possible 
^or a man who with both hands should touch the positive 
ind negative wires in a non-insulated part, to be killed or 
severely injured if the pressure is over two or three thou- 
sand Tolts, but the accident can be rendered almost im- 
possible if due precaution is taken. A circular saw if 
only lightly touched whilst revolving will cut a man's 
finger off, and what can be more dangerous than a pair 
of powerful spur wheels ? Yet we have found means of 
protecting life very effectually from destruction by purely 
mechanical means, and the experience of the past few 
jenrs has shown that equally efficient protection can be 
wovided from the electrical danger. 
^LSystem 2) is best described as electric transmission 
Hd distribution of energy from one central station to 
Breral distant points. This distribution can be made on 
' the parallel or on the series system. In the first case the 
electro-motive force (or pressure) between the positive 
and negative mains must be kept constant, and the motors 
are connected all in parallel from the mains ; in the second 
case the current passing through the mains must be kept 

Enntiatant, and each motor, when at work, is traversed by 
lame current. The pressure at the station must be 
gi'cater the greater the number of motors at work. 
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In the first case the pressure is kept coDstant, but fl 
current delivered into the mains mu8t be the greateij 
greater the number of motors at work. We have thJ 
distinguish between distribution at constant pressurtm 
distrihution at constant current. 



Electric Distribution of Energy at Constant fressaf 

We must now inquire into tlie theoretical conditions of 1 
this case. It will be evident at tbe outset that for econo- I 
micol reasons any attempt to obtain constancy of speel I 
by the use of artificial resistances can only lead to a I 
partial and not very satisfactory solution of tbe problem, ] 
and had better not be made if other means are at hand. 
This happily is the case in tbe present instance. We 
have two means by which we can without waste regulate 
the power of the motor to the work and yet keep it I 
running at a constant speed. First we may apply a 
mechanical device by which the current is periodically 
cut off in proportion as the work is cut off, and, secondly, 
we may apply an electric device in the shape of epepial 
winding of the field magnets of the motor by which the ; 
torque exerted by the armature is automatically regulated ! 
BO as to correspond to the mechanical load. As regards ' 
the first system, Professors Ayrton and Perry have in a 
paper on Electro-Motors and their Government' shown 
how this can be done. They say : " The method of cutting 
off the power as hitherto employed has this serious defect, 
that instead of the power cut off being directly in propor- 
tion to the work cut ofi", the arrangements have been such 
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that either all power was cut off or none, so that the 
motion of the motor was spasmodic^ just as in an ordinary 
gas-engine^ which suffers from the same defects, that full 
charge of gas or no charge are the usual only alternatives. 
An electro-motor governor of this type, which may be 
called a ' spasmodic goveiiior,' consists merely of a ro- 
tating mercury cup into which dips a wire, which makes in 
this case contact with the mercury, and so completes the 
circuit when the speed is slow, but which, on account of 
the hyperbolic form assumed by the surface of the mer- 
cury as the speed rises, ceases to dip into the mercury at 
high speeds, and so breaks contact." Later on the in- 
ventors say : " The first improvement we made in govern- 
ing consisted in replacing the ^ spasmodic governor ' by a 
Aperiodic governor.' With our periodic governor the 
power is never cut off entirely for any length of time, 
but in every revolution power is supplied during a portion 
of the revolution, the proportion of the time in every re- 
volution during which much power is supplied to the time 
during which less is supplied depending on the amount of 
work the motor is doing. Our periodic governor, then, 
differs from the spasmodic governor in the same way that 
a good loaded steam-engine governor differs from the or- 
dinary governor of a gas-engine. One of the ways of 
effecting this result is as follows : a brush, A^ Fig. Q5y 
lies on the rotating piece, B JST, the cylindric surface of 
which is formed of two conducting portions connected 
with one another through any resistance, and the brush, 
Ay is moved along the cylinder B K under the action of 
the governor balls. When the brush A is touching the 
contact part By the motor is receiving current directly, 
but when it rests on the part JST, the motor receives cur- 
rent through the resistance which is interposed between 
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B and K. If the goTernor balls fly out, the brud 
moved along B, K, so that there is contact with K Am 
a greater part of the revolution than before ; and if J 
governor balls come together, the speed of the motor b 
too small, the brush is moved in the opposite directi<H 
that it makes contact with B for a longer time during a 
revolution. If the motors are in series, we arrange ti 
the periodic governor shunts the current periodicaU^,! 
stead of introducing resistance. In this case the com 
tions are as follows: B is made of wood, while K'le mfl 



Pof metal. K is connected to one end of a shunt coil, ^ 
other end of the shunt being connected to one of the t 
minals of the motor and A is connected to the other ter- ' 
minal of the motor. If, then, A rests on B, the shunt is 
inoperative and all the current passes through the motor ; 
whereas, if it rests on K, the shunt is in operation, and 
part of the current only passes through the motor." It 
will be seen that both these governors invented by Pro- 
feasora Ayrton and Perry, have partially, at least, the 
fault of depending on artificial resistances whether they 
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used for parallel or series work. The loss of energy 
us occasioned can be reduced by making the resistance 
gh foi* parallel^ and low for series work^ and on purely 
eoretical grounds it could even be entirely prevented 
f making the resistance infinite, that is, breaking the 
rcuit altogether during a portion of each revolution 
hen working in parallel. But this would produce an 
nequal turning force, and would also entail destructive 
parking between the brush, A^ and the contact pieces 
3 and K, Even if the resistance between B and K or 
hat of the shunt coil between K and one terminal of the 
Qotor is fairly low, there must be some sparking ; and 
he inventors say in their paper that with any such 
governors it is difficult to entirely prevent sparking, and 
hat on this account motors wound so as to be self-regu- 
ating without any mechanical device are preferable. 

Broadly speaking, the self-regulating motor is the con- 
verse of the self-regulating dynamo wound for constant 
pressure. In a properly compounded dynamo the pres- 
mre at the terminals must remain constant, although the 
resistance of the external circuit may vary between wide 
limits, causing an inversely proportional variation in the 
external current. The power required is approximately 
proportional to the current. The machine works, there- 
fore, under these conditions: Speed constant — Electro- 
motive force constant — Current variable — Power re- 
quired to drive the machine also variable, but propor- 
tional to current. Now, in a self-regulating motor the 
conditions are : Electro-motive force constant — Speed 
constant — Power variable — Current required to drive 
the motor also variable, but proportional to power. 

It has already been pointed out that in a general way 
dynamo and electro-motor are convertible terms ; and 
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altliough tliere are cases when it is impracticable to work 
a motor as a dynamo, it is always perfectly easy to work 
a dynamo as a motor. From this general convertibility 
it is reasonable to expect that a properly compounded 
dynamo can without any alteration in the connection be- 
tween its field magnet coils and armature, be used as a -, 
self-regulating motor, the only condition being that it shall ^ . 
be supplied with current at a constant electro-motive L_ 
force. When speaking of a self-regulating motor in tiw 1_ 
sense that its speed of rotation shall automatically be i^ 
kept constant whatever variation might occur in the load ^ 
or mechanical resistance which the armature of the motor 1 
has to overcome, it must be understood that this refera \ 
only to such cases where the load varies between ; 
and a maximum not beyond the capability of the motor. I 
If we throw an excess of load on to the motor, it will pull I 
up or slacken speed, and thus cease to be self-regulating, 
just as the electro-motive force at the terminals of the \ 
beat com pound- wound dynamo will be lowered if we ' 
allow an excess of current to flow. But within a reason- 
able limit of load in the case of the motor, and a reason- 
able limit of current in the case of the dynamo, both 
machines can be made self- regulating, and this result is 
obtained by the same means, that is to say, the same 
winding which will make the dynamo give a constant 
electro-motive force, will make the motor run at a con- 
stant speed. This result might be expected on the 
ground of the general convertibility of these machines, 
but since it is of great practical importance, special proof 
is desirable. This can be easily obtained from our for- 
mulas in Chapter III. According to equation 7) the 
torque exerted by an aimature current, C„ in a field of 
Z lines, is in absolute measure : 
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It is independent of the speedy and since Nt is constant 
for any given motor, the torque or turning moment 
exerted by- the armature is directly proportional to the 
product of the strength of field and armature current 
By increasing either or both these factors we are able to 
OYercome our increased load. Since the electro-motive 
force is supposed to be constant, it is evident that a varia- 
tion in load must be compensated mainly by a variation 
in current. Assuming that the ends of the shunt coils 
are coupled to the terminals of the motor — not to the 
brushes — we have, retaining the notation of Chapter III., 
the following equations : 

Ef 
Ls = — C^ = C^. 

^/ 

E, = E,-r^ C^ E. = E,-ir^ + r.) C.. 

The counter-electro-motive force E, is, according to equa- 
tion 5), expressed in volts by 

jE*. = ZNtn 10-^ 5) 

E, — {r^ + r.) C.^ ZNtn 10"". 
Now the condition under which the motor is to be used is 
that the electro-motive force at its terminals jE^, shall be 
kept constant. We have, therefore. 

Constant E, = (r^ + r.) C. -f- Z iW n \^'\ 

Since the speed n must also remain constant if the motor 
is to be self-regulating at all loads, the only variables are 
(7. and JZ, which have to satisfy the above equation. In 
other words, we may regard the field Z as a function of 
the armature current (7., and the condition that the 
motor be self-regulating is brought down to this, that 
the strength of its field shall depend on, and vary in a 
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certain manDer ivitli the current passing through 
motor. 

^^ ^,^(. +OC ^ ,„_. 

Ai n 
We see by this equation that Z will be the smaller tbft 
greater C,, and since C. is almost directly proportional 
to the mechauical load of the motor, we arrive at this, tX 
first sight, startling result : that the heavier the work we 
impose upon the motor, the weaker must be ita field. It 
might have been thought that as additional load is thrown 
on, we ought so to arrange matters that the magnetism 
of the field magnets becomes strengthened, and able to 
exert an increased magnetic pull on the armature. But 
a moment's reflection will show that the effect of such an 
arrangement would he to reduce the speed. The mag- 
netic pull exerted by the field magnets upon the armature 
does not depend on the strength of magnetism in the field 
magnets only, but is the product of that quantity and the 
current in the armature coils. An iucrease of pull may 
therefore be brought about either by making the field 
stronger, or by increasing the cun-ent in the armature, or 
by both means combined. If we make the field stronger, 
we not only increase the magnetic pull exerted on the 
armature, but we also increase the counter-electro-motive 
force, as will be seen from equation 5), page 82, and thus 
check, or at least reduce, the flow of current through the 
armature at the very moment when we want most power. 
The motor would thus run slower until its reduced 
counter- electro-motive force again allows a current to pass 
of sufficient strength for the work imposed on the motor. 
If, on the other hand, we seek the increase of power by 
allowing more current to pass through the aimature, we 
do not increase the counter-electro-motive force, but we 
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have a slight increase in the loss of electro-motive force 
due to the resistance of the armature. To compensate 
for this slight increase of loss, it is necessary to weaken 
the field somewhat for heavy currents, and thus bring 
about the reduction of counter-electro-motive force by an 
amount corresponding to the increased loss of electi*o- 
motive force due to the resistance of the armature. If 
the motor runs without doing external work C^ is almost 
zero, and we have the strongest field, 
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which is entirely due to the shunt coils. Let now a load 
be thrown on. The immediate effect will be to slightly re- 
duce the speed. The counter-electro-motive force which 
previously was nearly equal to E^, will thereby become 
somewhat reduced, thus allowing a considerable current 
to pass through the armature and the series coils of the 
magnets. This again accelerates the armature until the 
normal speed is reached. The direction of winding of 
the series coils must be evidently such that the main 
working current tends to demagnetize the field magnets. 
Now in an ordinary compound-wound dynamo, the series 
coils are wound and connected in such a way that the 
main current tends to increase the magnetism produced by 
the shunt coils. If we use such a dynamo as a motor, 
the current in the shunt coils will remain the same as 
before, the current in the armature will flow in the re- 
verse direction, and therefore produce motion — instead of 
resisting it, as is the case when the machine is worked as 
a dynamo ; and the current through the series coils will 
also flow in the reverse direction, thus tending to weaken 
the field magnets. It will be seen that these are precisely 
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the conditions which our theory indicates as necessary, ii 
order to make the motor self-regulating, and we find that 
it is correct to say that a compound-wound machine can 
be used either as a self-regulating dynamo or as a self- 
regulating motor. There may be slight differences in 
the exact proportion between shunt and series coils in 
both cases, but the general principle of compounding it 
the same for either purpose. 

A question of considerable practical importance is that 
of the relation between the weight of the motor and the 
maximum of mechanical energy it can give out. Since 
that maximum must be given out when the field ia 
weakest, whereas in a non-self-regulating, motor the 
arrangements can always be so made that the maximum 
is given out when the field is strongest, it is evident that, 
for a given power, the self-regulating motor must be 
heavier. This is certainly a drawback, and it becomes 
necessary to know what price, in the shape of increased 
weight, we have to pay for the advantage of automatic 
regulation. Our fonnula for Z enables us to form a 
rough estimate of this increase in weight. The difference 
between the initial value of Z and the minimum value 
is due to the product {r„ + r„) C,. The greater this 
product, the more must the field he weakened, and the 
smaller is the maximum of power obtainable with a given 
weight of motor. It is therefore of importance to keep 
the product {t„ -\- r,) C„ as small as possible, and 
since C„ which we must consider as the primary source 
of power, cannot be reduced, it is evident that the re- 
sistance of series coils and armature should be as small 
as possible. Now, in a good modern motor, the loss of 
electro-motive force occasioned by the resistance of these 
parts, varies between 5 and 10 per cent, of the electro' 
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motive force applied at the terminals ; take 7 per 
cent, as a fair average^ and we fiqd that if the initial 
£eld is represented by^ saj^ 1,000 lines, the field at full 
work will contain 930 lines. Now if the motor were not 
self-regulating, the field at full power would contain 
1,000 lines, and thus be able to develop about 7^ per 
cent, more mechanical energy. If, on the other hand, 
we wish the two motors to develop the same maximum 
of mechanical energy, the field magnets of the self-re- 
gulating motor would require to have 75: per cent, more 
cross sectional area. Since series and shunt coils act 
difierentially, a larger amount of copper is also required. 
This excess would probably amount to about 2^ per cent, 
of the total weight, so that in all the self-regulating motor 
will weigh 10 per cent, more than an ordinary motor which 
is not self-regulating. This does not seem too high a 
price to pay for the safety and general comfort of a self- 
regulating motor, and the experience gained in American 
and Continental towns having central electric light 
stations from which current is supplied to a network of 
mains on the parallel system has proved that it is perfectly 
practicable to utilize the same mains for distributing mo- 
tive power to artisans and small manufacturers by supply- 
ing them with such self-regulating motors. 

Electric Distribution of Energy at Constant Current, 
This problem is not of so easy solution as the distribu- 
tion of energy at constant pressure, and the difficulty is 
a fundamental one. It Ues in this, that there is no direct 
connection between the speed of a motor and the current 
which flows through its armature. There is a direct con- 
nection between speed and electro-motive force, and, 
therefore, self-regulation is possible without the use of 



say external appliance id the shape of a mechanics 
governor or other appai-atus which conti'ols the powei 
But where the current is constant, some kind of externa 
governor is necessary. This follows also iramediatelj 
from M. Marcel -De pre z's experiments cited in Chftpte; 
III., page 91. We have seen that the speed wa 
totally independent of the current, the latter remaining 
throughout the range of each experiment practically con 
slant, whereas the speed was in some cases increased fivfr 
fold, by simply increasing the electro-motive force of thl 
source. When a number of motors are coupled in sedea 
as would be the case in a general system of distribution 
the difficulties are much increased. To test this matte 
experimentally the author has placed three precisel; 
similar motors (series-wound) in series into the sani' 
circuit. The current was supplied by a dynamo, an' 
the three motors were loaded by brakes to as near !i 
may be the same amount. It was then found quite in 
possible to keep all three motors going for any length ( 
time at the same speed. The least irregularity in tl; 
current, or the least variation in the friction of the brake 
would cause first one and then the other motor to con 
to rest, whilst the speed of the remaining motor increasE 
to a dangerous extent. 

Professors Ayrton and PeiTy have in the paper aboi 
mentioned proposed to make motors self-regulating 
worked by a constant current in the following waj 
The field magnets, Fig. 66, are wound differentially wit 
a fine wire coil, which is a shunt to the armature onb 
and a thick wire coil which is in series with the armatui 
and main cun-ent. The armature and shunt coil const; 
tute a shunt motor, the armature and main coil a brak 
generator which is intended to absorb any surplus pow( 
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if the load is thrown off. As far as the author is aware 
•the system has not been tried in actual practice, and 
there are theoretical reasons for expecting that it would 
not work. From equation 7) it will be evident that the 
field must be strongest when the load is greatest. Now 
suppose that the differential winding could be so propor- 
tioned that for a given load the field is exactly of the 
right strength to produce the normal speed. Now let a 
^ery slight, additional load be thrown on. The immediate 
effect will be to slightly reduce the speed, and in conse- 



Fig. 66. 




quence of the reduction in speed the magnetizing current 
in the fine wire coil will also be reduced. The field will 
thus be slightly weakened. This will further reduce the 
speed and again weaken the field, and so on, until the 
armature comes to rest. At that moment the magnetizing 
influence of the main coils, which is in the. opposite direc- 
tion to that of the shunt coils, will alone exist, and the 
field magnet instead of presenting a N pole to the arma- 
ture, as shown in the illustration, will present a S pole 
to it. The tendency must therefore be to reverse the 
motion^ and thus the slight addition of load has not only 



L 



brought the armature to rest, but actually caused i 
tendency to run backwards. Whether it will run back 
wards depends on the relative magnetizing power of tb 
main and shunt coils. 

An an'angement devised by the author, and whicl 
seenas to promise somewhat better to fulfil the conditioi 
of constant speed, is shown in Fig. 67. A is the armatuw 
of a series-wound motor mounted upon a. spindle, tc 
which is also attached the armature a, of a small series- 

Fig. t;:. 
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wound dynamo which has no other work to do but to 
supply current for demagnetizing the field magnets of 
the motor. The main current magnetizes them in tlie 
direction, say, from B to C, the auxiliary current from 
the dynamo acts in the direction /to g, and tends to dfr 
magnetize them. 6 c is the field magnet coil of th' 
dynamo. Now for each dynamo working on a closec 
cii'cuit of constant resistance, as in the present case, then 
exists a critical speed at wliich it will begin to give ( 
current of some strength. Below that speed it givei 



I 
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hardly any current, and above that speed it gives almost 
at once the full current. The motor should be so geared 
%& to run at the critical speed of the little auxiliary 
dynamo. If now an additional load be thrown on, the 
immediate result will be to reduce the speed of the motor, 
tliereby causing the armature of the dynamo to run 
bdow its critical speed. The dynamo will thus partly or 
entirely lose its current and the demagnetizing influence 
wUch previously has kept the field below its full strength, 
will to a greater or lesser degree be withdrawn. The 
strength of the field will thus be increased, and an 
additional magnetic pull will be brought to act on the 
armature, by which it can overcome the increased load. 
In case the load be entirely thrown off, the motor will 
Have a tendency to race, but this tendency will be im- 
mediately checked by the auxiliary dynamo, the current 
from which increases considerably with a very slight 
increase of speed. Its demagnetizing influence is thus 
enormously increased, and the field of the motor is 
weakened to such an extent that there is just power 
enough left to drive the dynamo but no more. To make 
this arrangement successful it is necessary that the field 
magnets of the auxiliary dynamo be made of very soft 
iron, so as not to retain any considerable amount of per- 
manent magnetism, which would alter the critical point 
te between an increasing and decreasing speed. The 
more sensitive and unstable the dynamo can be made, 
the better. For this reason it is also necessary to place 
tlie two armatures a considerable distance apart on the 
same spindle, so that the field magnets of the motor may 
not induce magnetism in the field magnets of the dynamo, 
and thus disturb the critical point. In practice it would 
probably be found necessary to place a bearing between 
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the two armatures, and that could easily be so sliape4^^| 
to act as a scvceu between motoc and dynamo. ^^H 

According to tbe classification made in the beginnii^a 
of this chapter we have now to consider I 

Syntem 3), which comprises the transmission of energy! 
between two distant points by means of one generator lui'l 
one motor. ■ 

Let E„ Ei, and E„ represent respectively the electro- 1 
motive force in the armature, at the brushes and at the fl 
terminals of the generator, and let f„, ej, and e„ repre- J 
sent the same for the motor. Let E^, B„, represent the | 
resistance of the armature, and magnetizing coils of the I 
generator, and r,, r^, represent the same for the motor, J 
then we have, according to the equations 15) to 22), if ■ 
both raacliinea are series-wound, the following relations: I 
Gene BATOR. Motor. I 

£. = £•, + CR.. «. = r, - CI-, 1 

£, = £,+ CR,. r, = €,- cr,. 

E.^F..- C(R. + R.). ., = ». + c{t. + rj. 
C being the cuiTcnt sent by the generator into the line, I 
and c being the cun-ent received by the motor. If the 1 
insulation of the line were perfect, these two currents [ 
would be equal ; but iu practice some small leak of cur- 
rent from the positive to the negative circuit, when the 
line extends over several miles, might take place and 
then we must assume 

The loss of current C — c represents, as far as the 
generator is concerned, a waste of energy expressed by 
the product 

E,{C — c) watts. 
As far as the motor is concerned, this leak not only re- 
duces the curi-ent which is available at the receivinjj 
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station^ biit it liajs also the effect of reducing the available 
electro-motive force e, beyond the value corresponding to 
the current c. It will be clear that unless the leak occurs 
close to the generator, part of the line ivill have to carry 
a current larger than c, and thus the loss of electro-motive 
force due to the resistance of the line must be greater 
than the product of that resistance and the motor-current 
c. If the line is throughout its entire length equally well 
iosulated, each unit of its length will have the same in- 
sulation resistance, which should be very high in com- 
parison to the conducting resistance itself. In a perfect 
line it should be infinite, but, as remarked above, this 
may not be obtainable in an overhead circuit going many 
miles across country. Let $ represent the conducting re- 
sistance of the line, and let i denote the insulation resis- 
tance between the positive and negative lead for unit 
length, then, if the distance from the generator to the 
motor be Z, the total insulation resistance as measured on 

aWheatstone bridge would be y. Knowing this from 

actual measurement, it might be thought that by the 
application of Ohm's law we could easily find the leak, 
C — c, by simply dividing the electro-motive force be- 
tween the wires by the insulation resistance. This would, 
however, not be correct, for the simple reason, that the 
electro-motive force between the wires is not a constant, 
but diminishes in a certain ratio as we approach the dis- 
tant end of the line, the actual law by which this diminu- 
tion takes place depending not only on the resistance of 
the line and the current, but also on the insulation resis- 
tance itself. The question is therefore not so simple as it 
at first sight appears. An approximate solution suffi- 
ciently accurate for practical purposes is the following : 
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Let € represent the electro-motive force between 
leads at the distance x from the generator ; let the dis- 
tance be increased to x -{- dx and the leak of current cor- ^ 
responding to length dx be rfc, the drop in electro-motive 
force corresponding to that length being dt. Then the 
following equations evidently obtain : 

— d e := c J dx. 

— dc =^ — dx. 
From these equations we obtain 



d £ ^=jtc dcy 



and by integration 



.a ^« 



e T ^' ~ Constant 

To find the constant we apply the formula to the home 
end of the line, where e = JE^, c = Cy and obtain between 
that and the far end the relation 

from which we find 

This gives the current arriving at the motor, but in a 
somewhat inconvenient form. To simplify the expression 
we develop the square root into a series, and since the 
second term is very small in comparison to the first we 
can neglect the second and subsequent powers. 

1 i( E;-e;) 

'- ^~2ri c • 



the 
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Jow E^ — e^ = (J?, + O {E, — I?,) and ^ = -^^ the 
otal insulation resistance of the line. Hence 
^- r ( ^' + ^^ \^ Ei — Ci 

The leak of current is 

^-"=(^')^-^^ -)• 

Now — ' 7" * is the average electro-motive force between 

/ E + ^ \ 1 
out and home lead ; and f — *—^ — - 1 represents the 

current which under that average electro-motive force 
would flow through J^ the total insulation resistance. This 

current, multiplied by — *~~rt~y gives the actual leak. It 

will be observed that g Cy being the product of a resistance 
and a current, represents a difference of potential, and in 
this case it represents the electro-motive force which would 
in a line of perfect insulation be required to drive the 
full initial current C through the circuit, supposing the 
far ends were in metallic contact, g C represents, there- 
fore, the loss of electro-motive force if there were no leak. 
The actual loss, E^ — e„ is naturally somewhat greater, 
and thus the quotient between the two must always be 
greater than unity. From this it follows that the loss of 
current due to leakage along the line is slightly greater 
than the figure we obtain by dividing the average electro- 
motive force by the total insulation resistance. Where 
the insulation resistance is very high, and the conduct- 
ing resistance very low, the leak will with sufficient 
accuracy be expressed by 
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but when the conditions are less favourable formula 30^ 
should be used. 

It is necessary in this place to briefly consider the in- 
fluence of the leak on the total efficiency of a system o£ 
electric transmission, especially with reference to the most 
economical speed of the motor. In text books, and in 
scientific articles on the subject, the assumption is gene- 
rally made that the insulation of the line is perfect. This 
may be so in some favourable cases, but a general theory 
must include all cases ; it should, therefore, take the leak 
into account. As far as the writer knows, this has only 
been done by Professor Oliver Lodge in hia treatise on 
the transmission of power by dynamo-machines, published 
in "The Engineer,'' 1883. It is also generally stated 
that the efficiency is the greater, the nearer the couute> 
electro-motive force of the motor approaches the electro- 
motive force of the generator. It has already been 
pointed out that this is quite wrong (see Chapter V.j 
page 142), even if the motor be worked by a current of 
constant electro-motive force, such as would be the casa 
if the generator were a self-regulating dynamo placed 
close to the motor, and connected with it by leads of 
practically no resistance and perfect insulation. But 
when the leads have considerable resistance, and especially 
if their insulation is not absolutely perfect, the statement 
above referred to and which is carefully perpetuated by 
successive writers, becomes still more erroneous. From 
equation 30) it will be seen that the leak is the greater, 
the greater e,. At the same time an increase of e, has 
the effect of checking, or at least diminishing, the working' 
current c, thus reducing the amount of energy received. 



LEAKAGE AND ECONOMICAL SPEED. 177 

Since the energy lost by leakage increases with the 
counter-electro-motive force, whilst the energy actually 
given out by the motor at first increases with the counter- 
electro-motive force up to a certain point, but beyond it 
decreases again, it will be clear that high efficiency can- 
not be obtained by allowing the counter-electro-motive 
force to approach too near to the electro-motive force of 
the generator. In the following investigation we shall 
assume for the sake of simplicity that there is absolutely 
no leak in the line. The results obtained will, therefore, 
be to some extent inaccurate, but they can be rectified 
by using equation 30). Thus with a perfect line we 
would obtain certain values for C = c and Ef ; and the 
generator would have to give the current and electro- 
motive force thus determined. Now assume that, after a 
certain time, the line begins to leak. This will reduce 
the energy received by the motor, and consequently also 
that given out by it. It is evident that this loss can be 
compensated by running the generator at a higher speed ; 
m other words, by increasing E^ and C beyond their 
origmal values. A similar plan we follow in the mathe- 
matical investigation. We assume at first that the insu- 
lation of the line is perfect, and we are thus enabled to 
use formulas of great simplicity. This gives a certain 
set of conditions for the generator. . If the line is in 
reality in as perfect a state as assumed, the problem is 
solved. If, however, the line leaks, we rectify the 
values for E^ and C by using equation 30). This gives 
a new set of conditions for the generator, and the 
mechanical energy necessary for actuating the generator 
must be calculated for these new conditions. The condi- 
tions of the motor are not altered thereby. 
The electro-motive force lost in the line is $c, which 

N 
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must be equal to the difference of electro-motive ftl 
the terminals of generator and motor 

E, = ic + e.. 
The internal electrical energy of the generator 
that of the motor is c e„ and the proportion betwe 
two is the electrical efficiency of the whole system.. 

Electrical efficiency = -: 

By combining this expression with the above eqi 
we find also : Electrical efficiency 



e. + '--U + T, + r^ + Jt, + EJ 
It is evident that whatever may be the resistance of 
line (, or in other words whatever may he the disti 
to which the energy has to be transmitted, we can ah 
obtain the same electrical efficiency by suitably v 
ing c and e^. The higher e„, the count er-e lee tro-mc 
force of the motor, the greater is the electrical efficie 
Now there are two means by which we can raise 
counter-electro-motive force. The one ia by incres 
the speed, the other by employing machines containi 
large number of turns of wire (Ni) on their armat 
The first expedient ia limited by the mechanical i 
s generally attendant on the use of excessive spi 
|. and the latter by the difficulty that the internal resist 

tof the machines is the greater the more turns of wire 
contain. This, in Itself, would not affectthe result i; 
electro-motive force would inciease in the same prt 
tion as the resistance of the machine. But this is no: 
case. If a given size ai-inature core be wound witi 
turns of fine wire, and a precisely similar core wit] 
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number of turns of stouter wire, that both windings fill 
txactly the eaine space, tbe weight of copper contained in 
Qie armature wound with stout wire must always be sorae- 
IrhaC greater than in the other, because the space wasted 
r the insulating covering on the wire is less. It is 
clearly not admissible to reduce the thickness of insulation 
in the same ratio as the gauge of the wire. A minimum 
thickness is absolutely necessary for the safe handling 
during the process of manufacture, and moreover the finer 
irire is intended for an armature of higher electro-motive 
force and should for this reason alone have rather better in- 
luktion than the thick wire, which is intended for a lower 
(lectro-motive force. A good practical rule is to employ a 
eovering of cotton about 8 mils for wires of all sizes up 
to about 120 mils. The diameter of the covered wire is 
fliuB by 16 mils greater than that of the single wire. 
I be shown that the energy wasted in heating 
^e wire of the armature is inversely proportional to the 
ireight of copper employed, and therefore, with the arma- 
e of stouter wii-e, the same electrical output can be 
Stained at a smaller cost of energy wasted in heating 
he wire. The same holds good for the field magnet coils. 
The dynamo wound with stouter wire will, therefore, be 
e most economical of the two, as its internal resistance 
rill be relatively small as compared to its electro-motive 
Inversely, if we wind the machines (generator and 
botor) with very fine wire in order to obtain a high 
jlectro-motive force, we increase their resistances, r,, r„, 
K„ Hm in a somewhat quicker ratio, and thus lower their 
E&ciency, taken apart from the line. As regards the 
e resistance (, the higher the electro-motive force the 
letter, and it will be evident that taking these two things 
consideration there must be one particular value for 
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tlie electro-motive force for whict the electrical eflici 
becomes a masimum. This value can be found in] 
given case by assuming difl'erent windings for gena 
and motor, and calculating their electro-motive forced 
resistances. By inserting the data thus obtained ad 
sively into equation 31) it can easily be seen whichJ 
best. We suppose that the resistance of the line is a 
The electrical data thus obtained can only be regi 
as a first approximation to a solution of the probleil 
cause they were obtained on the basis of the bighesfc| 
tincal efficiency, whereas the question of importa]( 
the actual or commercial efficiency. It is sometimi 
Bumed that the commercial efficiency of dynamo(| 
motors bears a fixed proportion to their electricd 
ciency, and if that were so we could obtain the s| 
efficiency of our system of transmission by multiJ 
equation 31) with that fixed proportion. Butthiaij 
not be correct. It is evident that the commercial 
ciency of a motor cannot be a fixed quantity, but j 
depend on the power given out, being, generally bJ 
ing, the higher the nearer the work done hy the ^ 
approaches to the maximum for which it is des^ 
This relation ia best expressed in the manner adoptj 
Chapter V., by assuming that a certain minimum c^ 
rent, y, is necessary to overcome the mechanical and 1 
netic iiiction of the motor, and that all the power i 
sponding to the difference between this minimum atq 
actual working current is available for external 1 
Similarly we assume that a certain minimum of ciurd 
multiplied by the intei-nal electro-motive force <A 
generator, represents the mechanical energy absorb^ 
mechanical and magnetic friction. AVe have, thert 
the following relations : ,i 
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GbK£BATOII« 

Work absorbed, fF= (c + ff) E^. 

MOTOB. 

Work given out, tr = (c — y) e^. 

Put R^ + R^ = R^ and r^ -{- r^ -^ r, then for series- 
wound generator and motor we have 

^. = ^. + c (j + i2 + r), 
^=(^+.^)(^-+^(? + ^ + r)) 

And the commercial efficiency of the whole system is 



" = C^) 



_ /c — y\ e^ 



^a 



,c -h ff/ e, + c {i + R + r) ^* 

A question of practical importance is that concerning 
the working conditions under which, in a given system of 
transmission, the commercial efficiency becomes a maxi- 
mum. As already shown, the first condition for attaining 
this object is to work the generator at as high a speed as 
mechanically safe. We shall therefore assume that its 
«Iectro-motive force E^ ^s a constant and as high as pos- 
sible. The variables are the current c, and the counter- 
tlectro-motive force e„ of the motor. If we allow the 
motor to run too slowly it will allow a large current to 
pass, but this will entail a considerable waste of energy 
in heating the line and the two machines. If we speed 
the motor too high, this waste will be very small, but the 
high counter-electro-motive force will only allow very 
little current to pass, and in this case the work done by 
the motor will be small, thus again lowering the commer- 
cial efficiency. Between these two extreme cases there 
must evidently exist one current and one counter-electro- 
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motive force for which the commercial efficiency becom 
a maximum. To find these valuea we form the first d 
ferential quotieDt and equate it to zero. Thus the mi 
favourable current will be found by the equation 

ch 

and the most favourable counter-electro-motive force b 
be found by the equation -: — = o. 

Writing for the sake of brevity E for Ea, and e for 
and R for the sum of the resistances i + R + r, i 
first equation gives, 

[c + g){E-%Rc+ yR)-c{E + y R)-^ 
Re' + yE = o, 
c being the only unknown quantity. Resolving l 

equation we find ^__ 

I 



' = - ff + ^/ f +'-f,iff + 7) + yff- 



It will be seen that the quadratic equation has two rot 
or values for c, the one being positive the other negati' 
The latter implies that the current travels in the oppom 
direction, in which case the motor would become 
generator and vice versa. This does not concern us he] 
as it applies to cases where the receiving machine 
larger than the generating dynamo, an arrangeme 
which no practical engineer would employ. We ha' 
therefore, only to deal with the positive root, viz.. 



/- ] 

Having thus determined c 

motive force of the motor, 

e = £ 



; iff + y) + yff 3- 

we find the counter-electi 
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obtain a maximum of cummercial efficiency the motor 
t be so speeded that its counter-electro-motive force 
ins the value E — Re. 



= o, we can alao obtain di- 




By using the equatio 

Erectly the most favourable counter-electro- motive force. 
3)he solution gives again two values for e, one smaller 
a E, the other larger than E. The latter correaponda 
■ to the case when motor and generator have changed 
I places and need not be further considered for reasons 
1 above stated. The former value for e is alone of impor- 
r tance ; it is given by the formula, 



= £ + Mg-^{E + R>/y-(E+ Rg) (E - fly). 36). 

This equation does not clearly show that e must in all 

cases be smaller than E, but on developing the expres- 

n under the square root on the right, we also obtain. 



t = E+ Rff- ^ R'g''+ R'ff7 + ER(f, + y). 37). 
' The same expression is obtained by inserting. 



info formula 34). 

It is evident that the square root in 37) must under 

I ill circumstances be numerically greater than Eg, and 

I therefore e must under all circumstances be smaller than 

I E. Now, according to the orthodox theory found in text 

I books, maximum efficiency is obtained for E = e. This 

r Could only be if ^ = o and y = o ; that is to say, if the 

dynamo would absorb no energy whatever when working 

an open circuit and if the motor could be kept running 

idle without the expenditure of electi-ical energy. Both 

these conditions are evidently absurd. 
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Since the fomiulas 32) to 37) have a somewhat 0( 
plicated appearance, it might be as well to elucidate tl 
application by a practical example. "VVe will assume t 
in a given system of transmission the generator can 
worked at the safe limit of 1,000 volts and 20 arapa 
and under these conditions has a commercial efficiency 
SC/o. Its internal resistance is 5 ohms. Its extra 
electro-motive force at maximum output would th« 
fore he 

1,000 — 20 X 5 = 900 volts. 
To produce 900 volts and 20 amperes with a mach 
having 807o efficiency, requires the expenditure 

18,000 X -5q = 22,500 watts. Of this amount 20,{ 

watts represents the internal electi-ical energy developed 
the armature, and 2,500 watts represents the energy : 
cessary to overcome the mechanical and magnetic frict 
of the dynamo. At 1,000 volts this energy is represen 
by a current of 2'5 amperes. A similar calculat 
applied to the motor gives, say, 1"5 amperes. "We ha' 
therefore, 

^ = 2-5 y = 1-5. 

Let us assume the distance between generator and 
to be one mile, and the circuit to consist of two miles 
copper wire '134 inch in diameter. At 98 per cent, a 
ductivity the resistance of the line would therefore 
6'2 ohms. Allowing 3 ohms for the resistance of 
motor, we have 

R = 14-2. 
These are all the data necessary for solving the prob) 
as to current and couuter-electro-motivc force for ml 
mum efficiency. Equation 34) gives immediately 
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c = 14*5 amperes^ 

id 35) or 36) gives 

e = 790 volts. 

'he maximum commercial efficiency attainable under 
hese conditions is from equation 32) 



14-5 - 1-5 790 



» = 



= 60 per cent 



14-5 + 2-5 1,000 

Assuming then that the generator be kept running at 

such a speed, that its electro-motive force is kept at the 

safe limit of 1,000 volts, we must, in order to obtain the 

maximum possible return of 60 per cent, of the power 

expended, so gear and speed the motor that it will oppose 

an electro-motive force of 790 volts to the current. The 

strength of the latter will then be 14*5 amperes, and 

the energy actually given out by the motor will be 

790 

^ (14*5 — 1*5) = 13-8 horse-pcwer. 

To show how a departure from these conditions affects 
the eflSciency and power developed, the following table is 

added : — 



Counter-Electro- 
motiye Force. 


Current. 


Commercial Effi- 
ciency, i)er cent. 


Power obtained 
from motor, H.P. 


790 
876 
716 


14-5 

8 
20 


60 
54 
58-6 


14 

7-7 
18 



A. glance at this table will show that for currents either 
larger or smaller than 14*5 amperes, the efficiency is less 
ian 60 per cent., but that the falling off is limited to a 
ew per cent., whereas the power transmitted may vary 
Jonsiderably. This is a very valuable property of electric 
ransmission of energy, as it allows a variation of power 



between wide limits, without serious sacrifice of efficiency, . 
and thus renders the system very elastic. The great 
importance of this point will become apparent when wet 
compare electric with hydraulic transmissioD. In the ' 

latter the motor consumes always the same quantity of | 
water, whatever work it be doing ; and since the pressure 
is constant, the efficiency falls very low if the motor is j 
working under its normal power. To remedy this, Mr*- 
Hastie has introduced a water-motor with variable cranfc-^j 
radius, the latter being automatically adjusted to the*! 
work done by a spring. A contrivance of this nature, 
although extremely ingenious, adds considerably to the 
cost and complication of the machine and repreaente an 
additional chance of break-down. On the other hand, 
electricity can be used without any separate contrivance 
for regulation, and has thus a great advantage over 
hydraulic transmission. 

The system of traiiBmitting energy by means of two 
series-wound dynamos has the other advantage of being 
almost perfectly self-regulating as regards the speed of 
the motor. It has been shown how a motor intended to 
be worked by a constant current can be made self-r^a- j 
lating, that is, can be arranged to run always at the same I 
predetermined speed, whatever load may be thrown on it. i 
It has also been shown how motors can be made self- . 
regulating, if supplied with current at constant pressure. 
In the first case, the electro-motive force must inci-esBe 
as the load increases ; and, in the second place, the cur- 
rent must increase as the load increases, one or the other 
being kept automatically constant at the gene rati eg 
station. But with a series-wound dynamo, neither the 
current nor the electro-motive force are constant, but 
vary in a certain dependence on each other. It might 
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thus, at first sight, seem as if the problem of making the 
[motor self-regulating were thereby rendered very much 
difficult. This is not the case. The evil, if we may 
r^ard it, in the dynamo becomes of itself the remedy 
mthe motor. 

Let, in Fig. 68 O J? represent the ordinary charac- 
teristic of the series-wound generator, the curve being 
drawn for a constant speed of, say, 1,000 revolutions a 
imnute. Let O e represent the characteristic of the 
Jnotor also for the speed of, say, 1,000 revolutions. The- 

Fig. 68. 




counter-electro-motive force developed in the armature 
the motor at that speed is therefore represented by the 
brdinates of the curve O e. Thus to a current O C will 
be opposed an electro-motive force C -B, to a current 
Ci will be opposed an electro-motive force Ci B^, and 
so on. In the dynamo the electro-motive force corre- 
sponding to the current Ci& (7-D, and that correspond- 
ing to the current O Ci is Ci -Dj. Draw O R under such 
an inclination to the horizontal that the tangent of the 
angle R O ^ represents to the scale of the diagram the 
nomerical value of the sum of the resistances (iZ + r + c) 
of dynamo, motor, and line, then the electro-motive 
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force lost in overcoming these reaistancea is f<a9 
current O C, evidently C A, for the current O C„ « 
and so on. The ordinates between the straight linefl 
and the characteristic curve E represent, therefo^H 
counter-electro-motive forces which must be deveIo^| 
the armature of the motor at various currents. ]^| 
current \& O C, the counter-electro-motive force is^B 
if the current is O C, the counter-electro-motive fofl 
Ai i?|, and so on. Now the counter-electro-motiva™ 
of the motor, if running at a constant speed of 1,0^B 
volutions tt minute, is given by the curve O e, and i^| 
be seen that if the ordinates of this curve are for^^| 
current equal to the ordinates contained between S 
and O E, then the motor suits perfectly the require^l 
of the generator, and it will run at a constant Bpeed.fl 
TOotor will run at that speed whether the current befl 
or O C, provided that C, ^i = B, D„ and C A = jfl 
The solution of the problem consists, therefore, ^M 
proper choice of motor and dynamo, so that their olS 
teristics fit each other as near as possible, as ezpl^| 
Beyond this, no other precaution or apparatus is ^| 
■sary to make the system perfectly self- regulating, fl 
if the characteristics should not fulfil the condittooH 
= B D over their entire range, it will, as a rule, s^^ 
■difiicult to find two points, C, and C, tolerably far jfl 
for which the condition is fulfilled, and between ifl 
the deviation of one curve from the form ili in nid)B 
the other ia very trifling. The system will, therefoiM 
practically self-regulating between these limits. San 
years ago the author has had occasion to practically ■ 
the soundness of this theory. He had occasion tJ 
electric transmission of energy within the limits 'S 
engineering works, for the purpose of supplying ■ 
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power the pattern-makers' shop, which on account of its 
[location could not be reached bj any mechanical trans- 
^Biission. The power required by the wood-working ma- 
[ddnes in that shop, including band and circular saws, 
was, of course, very variable, and it became a matter of 
Ae greatest importance to keep the main shaft — from 
; which the diflFerent tools were worked by belting — re- 
volving at a constant speed. This object was attained by 
Ihe method just described. The generator was a Biirgin 
dynamo, driven at a constant speed from the main engine 
in another part of the works, and the motor was also a 
: Biirgin dynamo, but wound for a lower electro-motive 
ffoTce. There was a considerable distance between the 
two characteristics O E and O e. Fig. 68, and to find 
two points, O Ci and O (7, for which the condition C A 
sz B D should be fulfilled, it was necessary to increase 
the inclination of the line O JB by placing a little addi- 
tional resistance into the circuit. This, of course, entailed 
some small loss of energy, but was in no way a fault of 
the system. It was occasioned simply by the necessity 
of using the two dynamos which happened to be at hand. 
If the machines could have been designed for this very 
purpose, no additional resistance would have been re- 
quired, and the automatic regulation would have been 
equally good. Within the last few years this method of 
obtaining constant motor speed in electric transmission of 
energy has been very extensively applied by Mr. C. E. L. 
Brown^ of the Oerlikun Engineering Works, Switzerland, 
in the various plants established by that firm on the Con- 
tinent, and, by careful design of the machines, Mr. Brown 
has succeeded in reducing the maximum variations in the 
speed of the motor between running idle and fully loaded 
to as little as 2 per cent. 







tbe ijne — Relation between CapilH.] Outlay and Wasle of EnRrgf--> 
Economical Size of ConduLtor— Fnrmnta for Maximum Citrrenl- 
mula for Mean Current — T&blei for Finding Most EconomicHl 8 
Heating of Conductor— Table for Rise of Temperature. 

BoTn as regards first cost and economy of working, 
line fomiB a very important item in any extended sys 
■of electric transmission of energy. We have to cons 
two separate cases. The one, where energy froi 
central station is transmitted to and divided betwei 
Dumber of small working centres all grafted upon a : 
-work of conductors forming the main circuit, and 
iflther, where all the energy is conveyed to a sli 
receiving station along a pair of conductors without 
ramifications. The first case would occur in a systei 
town supply where electricity is furnished for iigh 
and power purposes, and where the lamps and mo 
Are all connected in parallel to the mains. The sec 
is that occurring when energy from an hitherto inaccess 
source is conveyed to a convenient point of applical 
the distance being considerable. Whatever partic 
form of transmission and distribution the system i 
have, it will be clear that the first cost of the conducl 
and the annual expenditure represented bj' the en« 
wasted in heating the conductors, follow opposite h 
To economize energy it is necessary to employ lead 
I Jow resistance, and, therefore, of considerable cross- 
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tional area. To reduce the first coat we woold, on the 
other hand, employ leads of small weight — that is, uf 
small sectional area. Wc see that first coat and the 
subsequent working expenses are both governed by the 
area of conductor chosen, but whilst the former increases 
Trith the area, the latter decreases ns the area increases, 
Mid it is evident that in each system of electric trans- 
mission of energy there must exist at least one particular 
area of conductor for which the sum of interest on its 
■first cost, and annual cost of energy wasted, becomes a 
minimum. It is also evident that, notwithstanding any 
■other consideration, this particular size of conductor must 
be adopted, being the cheapest in the long run. 

The determination of this, the most economical size of 
conductor is somewhat complicated, and must be made 
specially for each case, regard being had to the following : 
1. The rate of interest to he charged on capital outlay ; 
S. The cost of one horse-power-hour at the terminals of 
the generator ; 3. The number of houi-a per annum thai 
the maximum energy is required, and the number of 
hours that three -fourths, one half, and one quarter this 
amount is required ; 4. The cost of unit weight of the 
conducting material ; 5. The coat of insulation ; 6. The 
■coat of supports if an overhead line, or troughs if an 
underground line ; 7. The coat of labour in laying. If 
it be permissible to consider the capital outlay as pro- 
portional to the total weight of conducting material, 
then for a given line we have the relation p K = k a p, 
where K is the total cost of the line, k a constant and p 
the annual rate of interest. The resistance of the line is 
inversely proportional to the area a, and the energy 
^ted equals resistance multiplied by the square of the 
Let <i represent the cost of one electrical horae- 



Iveraely proportional to the area a, and the energy " 

Bsted equals resistance multiplied by the square of the 
irrent. Let y represent the cost of one electrical horae- 
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power-hour at the temimals of the dynamo, and la 
represent the number of houra per annum during v, 
the current c is flowing — there being always the i 
amount of energy transmitted — then we have the am 
value of energy wasted, 

w being a constant. The total expenditure will 

djip 



This gives p K - 



'3 q t c 



^■^"'ll. 



By inserting this value into the equations for K and,- 
we find 

p K t= c ■/ fctjtkp and 

Hence p K = W, 

or the most economical area of conductor, will be thaij 
which the annual interest on capital outlay equals 
annual cost of energy wasted. This law is commonly 
known as Sir "William Thomson's law, and was first 
published by him in a paper on " The Economy of Metal 
Conductors of Electricity," read before the British As- 
sociation in 1881. It should be remembered that this 
law in the form here given only applies to cases where 
the capital outlay is strictly proportional to the weight 
of metal contained in the conductor. In practice this ia, 
however, seldom correct. If we have an underground 
cable, the cost of digging the trench and filling in again 
will be the same whether the cross-sectional area of the 
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cable be one tenth of a square inch or one square inch ; 
and otber items^ such as insulating material, are if not 
quite independent of the area, at least dependent in a 
lesser degree than assumed in the formula. In an over- 
liead line we maj vary the thickness of the wire within 
fairly wide limits without having to alter the number of 
supports, and thus there is here also a certain portion of 
the capital outlay which does not depend on the area of 
the conductor. It would, therefore, be more correct to 
write 

where Ko represents that part of the capital outlay which 
is constant and independent of the area of the conductor. 
This addition on the right-hand side of the formula 
makes no alteration in the differential equation, for 

dKo 

J = ^- 

a a 

We obtain, therefore, again. 



/ wq t 
V p k 

but the value of ^ K is altered. 

p K=zp Ko + c \/ Iff q t kp 
W— V w qtkp. 

The interest on capital outlay, and the annual cost of 
energy wasted are now in the relation 

p K = pKo-\-W.' 

They are no longer equal, but the interest on capital out- 
lay must be greater than the annual cost of energy wasted. > 
By writing the above equation in the form 

p{K-Ko)= W, 

we find that the most economical area of conductor is that 

o 
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for which the annual cost of energy wasted is equal to t 
annual interest on that portion of the capital outlay whiq 
can be considered to be proportional to the weighty 
metal used. 

Professor George Forbes, in his Cantor Lecturej \ 
" The Distribution of Electricity," delivered at the S 
ciety of Arts, in 1885, called that portion of the cap! 
outlay which is proportional to the weight of metal u 
" The Cost of Laying One Additional Ton of Coppt 
and he showed that for a given rate of interest incluwi 
of depreciation, and a given cost of copper the most e 
nomical section of the conductor is independent of 4 
electro-motive force and of the distance, and is propj 
tional to the current. These facts can also be seen f 
the above formula 



since the square root is a constant for each case, and sifl 
neither distance nor electro-motive force appear in f 
expression for a, which is simply proportional to c. 

Having in a given system of electric transmission sett 
what current is to be used, we can, by the aid of I 
William Thomson's law, proceed to determine the r 
economical size of conductor. To do this we must \, 
the annual cost of an electrical horae-power inclusive^ 
interest and depreciation on the building, prime mc*] 
and dynamo, we must know what is the cost of laying d 
additional ton of copper, and we must settle in our a 
what interest and depreciation shall be charged to \ 
line. These points "vill serve to determine the constai 
of our formulas, and then the calculation can easily I 
made. To avoid the labour of going through i 
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gures for every special case, Prufesaor Forbes has pre- 
tared and published in hk Canlur Lectures, Kuiiie ex- 
tremely usel'ul tables irhich are reproduced on pngCH 196 
aid 197. Table A refers to the cross-sectiunal area 
inductor required to carry a current of 1,000 ampei'es 
r the annual cost of one electrical horse-power varies 
rom £o to £20, Table B refers to the cost of laying 
e additional ton of copper, and interest and depreciation 
on it. The use of the tables will best be seen by an 
example. Say we have to transmit 50 amperes, the an- 
nual value of one horse-power is £10, and the cost of the 
line is £110 per ton of copper plus a constant. We shall 
also assume that it has been decided to charge TJ"/^ for 
interest and depreciation on the line. We look in Table 
B horizontally along the line opposite 1\ till we come 
to the vertical column headed £110. We find thus 
the figure '424. We now look in Table A horizontally 
along the line opposite £10 until we find again -424 or 
the nearest figures to it. In the present case '441 and 
•411. The heading of the vertical column corresponding 
to this figure gives the area of conductor necessary for 
1,000 amperes. We find thus that the conductor should 
be between 2'8 and 29 square inches — say average 2"85. 
But since our cun-ent is 50 and not 1,000 amperes, the 



area of conductor will have to be 



50 

1,000 



< 2-85 = 



•1325 



square inches. If we were to adopt a larger conductor 
the system would be leas economical, because the capital 
outlay would become too great, and if we were to adopt 
a smaller conductor the system would be leas economical 
because the waste of energy would be too great. 
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Table A. — Section per Thousand Ampi 
in Inches. 



teres ^ 



- 


> 


11 


■■a ■ 1-3 1 1-4 


.6 


I-S 1 1-7 


1-8 1-B 


^ 


] 

1 

1 


T 

i 


a-Mt 

!-90e 


I'SH 
1-SM 


l'«IH 
1-830 
S-OM 

a^39a 

a-7M 


■980 

I '888 
1-960 

a;iM 


i-'m 

i-e« 
a-oM 

3-988 


a-ose 
a-33a 


■m 
i^osa 

1-975 


■686 
■838 

!i 

1^63S 


i' 1 

-048' -MB 

■W8 1 1-m: 

■356 1 1-131 
'381 1383 

'466 I'Sia 

1-780 1-603 
i-884 l'89fl 


■438 

'6M 

■937 

I-lltS 

1'3*3 
1'44S 
1-634 

1-TM 


- 


a-1 3-a 1 3-3 


2-4 a-6 1 a-8 3-7 


i-8 1 3-e [ 8* 3-1 


S-3 


1 

■s 

1 
s 
1 


* 


■840 -IBB 

I'OM '»34 
1-081 -BBS 

1335 1'13J 

i-«i2 1 i-aoe 

l'39a 1919 


■4M 

■M7 


■898' -376 

■417 j -aBfl 

■666 -a07 

ii i 

■894 -828 


■356 -381 

■4M ;43« 
■aea ;S16 

■886 ■801 
1018 -946 


-3»T 

-673 
-706 

■888 


■347 
■388 

■W4 

■8Ba 


■B8B . '3SS 

■S'S 

'576 1 -540 

■691 -948 
■730 '884 

'788 ^ 'jao 


-303 

s 

SIS 

■407 
■44(1 
■416 
'608 
'H3 

-810 

■878 


- 


8-3 


a-* 


3-fi 1 3-« 


•■' 


S.S 


8.8 


* 


*-i 


6<t 


"iH 


i 

1 

■= 

1 

1 


30 


■IBO 
'334 

-ana 

-180 

■m 
■oog 

■940 


■150 
■160 

■aio 

'340 

■ajo 

■300 
■3»0 

■mo 

'4S0 
■180 
■610 
■MO 
■670 
■600 


■m 

■483 


■316 
-368 

■360 

■457 
-638 


■354 

■368 


■866 

■363 
■S8B 


1 


■aio 
■sa7 


'308 
'334 
-341 

-3JM 

■3 
■337 


■S09 
■333 


-308 

■aao 


1 
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Table B. — Cott of Laying one additional 
Tan of Copper. 



- 


£tO 


£«6 £!0 £;s 


£M 


^ «*, 


£0S £IUO 


*uo 


CUO 


Q 1 


It 
12t 


if 

'308 

s 

-771 


Si's 

•3» -SSO 
■Ml i W 

■MS -BOO 


-!»3 
■>«9 
'38< 


■*w 

-3M 
-811 

■aw 


■131 


■831 

-S78 

■9M 

I-IM 




■Mt 
1-OH 

r»ss 


-MS 
-411 
•M 

-701 


-309 
■4<VI 
■«I7 

i-a» 


- 


£130 


£IW 


£1M 


««0 


£iSO 


•"l*™ 


£tOD 


M» 


£Mt) 


1 




-3M 

'D3S 

1-eoa 


■360 

i 

1-080 
I-MU 


■S84 

■BU 
IMS 


■771 


-Sia 

l-fl»8 


3-8.17 1 «-N» 


l-OM 

S-113 


li 

4-«» 
fi-7M 


1-3M 

«■**) 



We have calculated the area nf our conductor under 
the supposition that the maximum current of 50 amperes 
would be flowing during all the hours per annum that the 
installation is at work. In other words, we have assumed 
that the motor when at work should always give full 
power. This will, in practice, seldom be the case. 
Whether we want the current for propelling railway cars, 
or producing the electric hght, or working lathes and 
other tools generally, or giving power for a whole mill, 
the amount of energy required at various times will be 
different. It has been shown that energy can be trans- 
mitted in either of three ways. First, by keeping the 
current constant and varying the electro-motive force of 
the generator in accordance with the demand for power 
at the receiving station. Secondly, by keeping the 
electro-motive force constant, and varying the current in 
accordance with the demand for power. Thirdly, by 



varying both cui-reut and electro-motive force. In the 
firat case, where the current is constant, the above for- 
mula for the most economical area of conductor is at once 
applicable whatever may be the difference in the energy 
transmitted at various times of the day or year. In the 
two other cases, however, a correction must be applied to 
the formula in order that account may be taken of those ' 
hours when a reduced cuiTent is passing, and when the 
most economical area of conductor would be smaller than 
that corresponding to the full cuwent and maximum 
energy transmitted. This correction must evidently be 
applied in this form : — We make our calculation not fiff 
the full current but for the reduced current, the reduction 
being the greater the greater is the number of hours 
during which a reduced current is passing as compared 
to the number of houvfi during which the full current is 
passing. At first sight it naight seem as if this reduced 
or mean current could be determined by simply dividing 
the total number of ampere hours per annum by the 
number of hours per annum. This would, however, not 
be correct, for the reason that the energy wasted varies not 
with the current itself, but with the square of the cun-ent. 
Let („ t„ tj, f^, represent the number of hours per annum 
during which one quarter, one half, three quarters of the 
full current, and the full current is respectively passing 
through the conductor ; then the total of horse-power 
hours wasted per annum is evidently 

-=:'((i)'-(i)"'.-(^)''.--4 

To find that mean current, c , which flowing during 
t=U + l^ + t^+ t. 
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hours per annum will cause an equal waste of energy, we 
put 



a 



and obtain 



^1 + ^f + u + ^. 

The value of the mean current, c^, must be used in the 
determination of the size of conductor in order that the 
annual cost of energy wasted and the interest and depre- 
ciation on that part of the capital outlay which is propor- 
tional to the weight of conductor used should be equal. 

To facilitate the calculation Professor Forbes gives 
the following table : — 



tl. 


t,. 


ta. 


t». 


Ratio. 













1-000 





1 







0-790 


1 





2 




0-744 


1 


1 


1 




0-685 


2 


2 


1 




0-604 
0-500 


4 











The figures in the column headed " Ratio " are those 
with which the most economical area for the maximum 
current must be multiplied to obtain the most economical 
area for a varying current. In our previous example we 
found that the conductor should be '1325 square inches, 
provided that the full current of 50 amperes be always 
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flowing. Saj' that our traiiBmlBaion will be at work 
hours per annum, but. that the full current will only 
for 1,000 hourSf the remaining 3,000 hours being eqi 
divided between quarter current, half current, and 
quarter current. In this case (, = 1, /, = 1, t^ = 
l^ = \; and we see from the fourth line in the table 
the area of our conductor must be reduced to "685 
area for full current. "We should, therefore, havBj 
employ a conductor of "OSO" square inches area, or 
wire '34 inches in diameter. 

The heat generated in the conductor by the pi 
the current must be carried away in the same measui 
it is generated, if the temperature of the conductor is to 
remain at a safe limit. An undue increase of temperature 
is objectionable for three reasons. In the first place it 
spoils the insulation, reducing the insulating power of the 
material and rendeiTng it so soft as to allow the conductor 
to sink through it. This is a very important point, and 
should be guarded against with great care. It has been 
proposed to lay underground cables in iron troughs, com- 
pletely filled with a bituminous compound, in which the 
cables are to be imbedded. This arrangement would 
serve excellently well for keeping the cables dry, but it 
has the great drawback that any compound of that nature 
does not behave as a rigid body, but rather as a very thick 
fluid. It is well known that a stick of sealing wax fas- 
tened by strings to a card which is suspended vertically, 
will in couree of time bend as if it were a flexible ribbon, 
and the strings will cut through it. This process goes on 
even in a cold room, but is accelerated by heat. Now in 
our underground conductor some amount of heat is always 
developed, and if we trust the bituminous compound to 
support the cables we shall find them, after a certain time, 
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t the bottom of the trough^ and short circuits will be- 
ome very probable. The second reason why an increase 
f temperature is objectionable is, that the resistance of 
he cable becomes greater, causing an additional waste of 
energy. The third reason is that an undue increase of 
temperature may cause a fire risk at the points where 
the cables are attached to buildings. 

It becomes thus a matter of great importance to de- 
termine beforehand what rise in temperature is to be ex- 
pected in each given case^ and if that rise should be found 
to be greater than appears safe, provision must be made 
to increase the rate at which heat is carried off. This 
can generally be done by increasing the superficial area 
of the conductor. Say we have one circular conductor 
of 1 square inch area, and find that with 1,000 amperes 
flowing it would become too hot. Now by splitting up 
this conductor into 10 separate wires each one-tenth of a 
square inch cross-sectional area we have not altered the 
total amount of energy transformed into heat, but we 
have increased the surface exposed to the cooling action 

of the surrounding air in the ratio of 1 : \/ 10, and there- 
fore the ten thin wires can dissipate more than three times 
the heat, as compared with the single thick wire. Pro- 
fessor Forbes gives a table — ^reproduced on page 202 — 
from which it can be seen at a glance what current a wire 
can carry when the rise in temperature is 9° and 26° 
above that of the surrounding air. 
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CHAPTER VIII. 

h for Electric TranBrnisaiOD— Circniu for Gl«ctric Dislribmion— 
Belative Importance of InsuJalion — Aerml Lines — IniuliTora — AttBcb- 
ment of Conduttor ro InsulnUir— JoinW— Conpiinga — Material for AiTial 
Lines — Estimale for AiTial Line — FrnlMtion from LighCninji — Cnder- 
groand Lines— Ediaon Maina— The Three- Wire Syaleni— Various Sj 8- 
temB of Underground Con d nils— Lead-Cos emi Cables. 

'be question whether the line should be carried over- 
ead or be placed underground, depends on a number of 
>cal circumstances, but as a rule it will be more economi- 
al and sufficiently safe to use aerial conductors for the 
fHOBmission proper of energy, whereas for its distribution 
mderground cables are preferable, and in some cases 
adispensable. The time is fast approaching, and in 
America may be said to have already arrived, when no 
urther addition to the vast network of overhead tele- 
Tapt and telephone wires in towns will be permitted, 
ffld it is quite certain that no exception in favour of wires 
Kmtaining, so to apeak, a large store of potential energy, 
rill be made. Electric Light and Power Companies 
jave realized this state of affairs from the beginning, and 
where they have come forward with definite proposals for 
a general supply, they have always aixanged for their 
distributing plant to be placed underground. The case 
is different when electric transmission over a long dis- 
tance, and possibly aerosB country, is involved. Here the 
Sanger from breakage of an overhead wire can be almost 
entirely avoided by placing the supports at frequent in- 
tervals^ — a precaution not always possible in towns where 
the width of streets and places often necessitates an ex- 



I 



cessively long span from one support to the other — an 
if a wire should break, the chances of anybody being hq 
are infinitely smaller than in the crowded streets off 
town. We have already seen that power can only t 
economically transmitted over a long distance by til 
employment of a high electro-motive force, and hence M 
proper insulation of the line becomes a matter of tit 
utmost importance. If, in a town district supplied wifl 
current at, say, 100 volts, a small leak of a few ampere 
should take place — and Mr. Edison's experience in tli' 
New York Central Station seems to show that suck leak 
do occasionally occui- — the loss of energy, as compared I 
the thousands of amperes sent out from the station, i 
very trifling, but if an equal leak should be develope 
in a circuit of two or three thousand volts, it migl 
very easily absorb all the current which the generatinj 
dynamo can pour into the cables, and no energy at al 
could be obtained from the motor. In an overhead lin 
faults of insulation are not so easily developed, and i 
they occur, are more easily discovered and repaired thi 
in any of the underground systems, which as yet hav 
hardly had any prolonged trial to show their practici 
value for high pressure ; and for this reason it will be eai 
to assume that aerial conductors will be almost geoerall 
used for the transmission of electric energy at high pra 
sure over long distances, and that underground conductor 
will generally be used for the distribution of electri 
energy at low pressure. 
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The conductor is generally a naked v 
copper, iron, phosphor bronze, or silicon bronze, hi 
filightly insulated conductors are sometimes also used. Tl 



1 gives some protection agninet short circuits, 
jpiglit otherwise be caused by other wires, brancheB 
, or other bodies falliDg acroas the leads, and it 
ft the advantage of increasing the cooling surface 




i conductor, thus reducing the temperature. At 
tight it might seem surprising that a wire coated 
^ulating material, which is necessarily also a bad 
kctor of heat, should hecome less heated than a naked 
\ But such is the fact ascertained by experiments, 
:plained on the ground that quiescent air is the 



Bplained on 
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very worst possible conductor of heat, whereas the 
terial of the insulation, although relatively to 
bad conductor, is a good one relatively to air. If i 
wire be exposed to wind, then air, although a bad 
ductor, carries heat off very fast, because eacb moleo^^ 
of air as it becomes heated by contact with the 
carried away and replaced by a new and cool moleoi 
and in this case the insulated wire has uo advantage 
the naked wire. 

Fig. :o. 



The conductor is supported on porcelain insulatoFHS 
the manner of telegraph lines, but to obtain a high de 
gi-ee of insulation they should be of the double-bell typ^ 
as shown in Fig. 69, or of the type known as fluid insulate 
in which the inner bell is formed into a cup which is filiej 
with oil to prevent surface leakage. The material shonH 
when fractured, show a uniformly fine and dense gral 
free from pores and boles ; it must be perfectly whitsi 
and contain no cracks or other flaws. The glaze must b 
perfectly white, and cover the whole external and intern* 
surface. The" thread must be even and well defined, wid 



out kaving broken parte. The stem, Fig. 70, is cylindrical 
ftad roughened up. It is taped with yam, served with 
Unseed oil, and then screwed into the thread, or it may 
be Bulpliured in. To test the insulator electrically it is 



Fig. 71. 




placed upside down, the inner space is filled with acidu- 
lated water, and it is then immersed to near the rim in a 
bath of acidulated water. If the ioEuIation is perfect, it 
mast be impossible to pass a current from the liquid on 
the inside through the insulator to the liquid on the 
outside. 

Fig. 72. 






' The wire may be attached to the insulator either on 
the groove at the top or at the aide, the latter if there 
should be a bend in the line occasioning a considerable 
lateral strain. The method of attachment in both cases 
will be seen feom Figs. 71 and 72, where the views a, b, c, 

■ri and a, h, c represent respectively the different stages of 

^Bie process. 



aJ 
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Since wii'e and cables can only be obtained and car 
to the place of erection in limited lengths, it is frequentM 
neceBsary to make joints. A joint should not only be w 
strong as the wire or cable itself, but it must have s 
absolutely perfect contact, as otherwise the passage tim 

Fig. 73. 



^^muj^^^^mmp- 



the cniTent would heat and ultimately destroy it, Itm 
also desirable to avoid the use of other metals than t^ 
of the conductor, so as to prevent electrolytic aotifl 
The use of solder is, of course, a necessity, and musta 
Fig. 7 



exempt from this rule ; but it is not advisable to use ' 
iron couplings for a line of copper, or any other combins- 
tion of two different metals. With thin wires a strong j 
joint is made, as shown in Fig. 73, which explains itself. 
Pig, 75. 



To improve the contact, the middle portion is soldered 
over. Fi^. 74 shows another form of joint suitable for 
thin wires, which can easily be bent. Ai A is one wire, 
Bt B the other ; the ends A and S, are left long enough 
to allow of being lapped round the[^middle portion of the 
joint until they meet, and are then twisted together, a& 
shown in Fig. 75, 

If the wire is too thick to allow of its being easily 



listed into a knot, the joint shown in Fig. 76 is some- 
nes used. The two ends of the wire are bent short at 
jght angles, and placed side by side, so that the ends 
bint outwards. In this position they are held by a 
Pamp whilst being served with a layer of binding wire 

Fig. 76. 



of the same material as the conductor. When the space 
between the two ends is completely filled by the binding 
wire it is soldered over. 

Cables may be joined either by careful spUciDg or by 
couphngs. A very neat coupling has lately been intro- 



dacedby Mr. LazareWeiller; it consists of a doublehollow 

cone (Fig. 77) with an opening in the middle. The end of 
the cable is inserted at one end, brought out at the cen- 
tral opening, then doubled over and pushed back again 
I through the opening. A pull is applied to the cable as 
Itc 
nfi, 



Fig. na. 



(to draw it out of the coupling, and this has the effect 
of jamming the end of the cable tightly in the cone. The 
end oi' the second cable is treated in the same manner, 
and to secure perfect contact, and prevent any slipping 
back, melted solder is poured into the central opening. 
Fig. 77 a shows the coupling in section and the cables in 
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place. As a suitable compositioD for the solder, Lazare 
Weiller recommends two parts of block tin to one part of 
lead. The wire cable and the coupling are both made 
of silicon bronzej and thus electrolytic action is avoidecl. 



Material for Aerial Lines. 

There are two requirements with regard to the material 

suitable for aerial lines which are to a certain extent 
contradictory. The specific resistance of the material 
should be TCry low, and its tensile strength very high. 
Now copper has of all metals which can practically be 
used the lowest resistance, but its breaking strain is com- 
paratively low, and, therefore, the supports must be 
placed at frequent intervals and a considerable sag must 
be allowed in order to prevent the wire from being 
overati'ained. The first circumstance increases the coat 
of installation, and the latter is objectionable because the 
probability of the wire coming accidentally into contact 
with neighbouring objects when swayed by the wind is 
increaBed. Iron, and especially steel, offers in this respect 
an advantage, but it has the drawback of being but a 
poor conductor of electricity. The conductivity of 
ivrought iron is only about 17 per cent, of that of 
pure copper, and the conductivity of cast steel is only 10 
per cent, of that of pure copper. If cast steel wire be 
used for the line, the total weight which must be sup- 
ported by the insulators will, therefore, be between nine 
and ten times as great as that of copper wire of equal 
conductivity, aud although the supports may be farther 
apart, each individual support must be much stronger than 
would suffice for copper wire. Thus there is no saving 
to be obtained by the use of the stronger material. As a 
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•way out of this difficulty it has been proposed to use 
gteel wire coated with electro lyticaliy deposited copper. 
It was thus lioped to obtain a conductor which would 
combine the tensile strength of steel with the high coo- 
ductivity of pure copper. This expectation was, how- 
ever, not realized, and the compound wire has never 
come largely into use. The reason is not far to seek. 
Boughly speaking, the best steel has about three times the 
tensile strength of copper, and pure copper has about nine 
times the conductivity of steel. Imagine now a wire 
composed of equal parts of copper and steel, its tensile 
strength, even assuming that the electi-olytically deposited 
copper takes its fail- share of the strain, will be one-half 
plus one-sixth, that is 66 per cent, of that of a steel 
wire of equal diameter, the weight being about 5 per 
cent, greater on account of the greater specific weight of 
copper. The conductivity of the wire will be twice that 
of a steel wire of equal diameter, or 66 per cent, that 
of a copper wire of equal diameter. We have, therefore, 
tie following relation: — 

Pore copper wire, breaking strain 35,900 lbs. per 

square inch, conductivity .... 100 

Steel wire, breaking strain 119,000 lbs. per square 

inch, conductivity ...... 10 

Compound wire, breaking strain 78,000 -lbs. per 

square inch, conductivity ..... 66 

If we express the merit of a wire by the product of its 
hreaking strain and conductivity, we find that the com- 
pound wire is only 30 per cent, better than the copper 
wire, and in practice this apparent gain will be, to a 
great extent, counterbalanced by the increased cost of 



manufacture. Since the invention nf the compound wire 
great strides have been made in the production of certain 
alloys which combine great tensile strength with a fairly- 
good conductivity. The first in the series was phosphor 
bronze, having a breaking strain of 100,000 lbs. per square 
inch, and a conductivity of 26 per cent. Lately, Mr. 
Lazare Weiller introduced his silicon bronze, the con- 
ductivity of which is 97 per cent, of that of pure copper, 
and the breaking strain of which is half that of the best 
steel. For purposes of transmission of energy and for 
electric lighting he also makes silicon copper wires, for 
which he claims a conductivity lying between that of 
pure copper and that of silver ; the breaking strain, how- 
ever, is not given.' The following Table, taken from Herr 
Griers book, but reduced to English measure, givea 
weight and resistance of this wire : — 



' J. B. Grief, " Siiidiim-Bronze-Leilungen.' Wein, Scidel und S 
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Silicon Copper Wire, 



Diameter 


Diameter 


Weiffht per 


Resistanoe 


in 


in 


per Mile, 


Millimeter. 


English Mils. 


luf' 


ohms. 


0-30 


1-2 


2-2 


365-00 


0-40 


1-6 


3-9 


205-00 


0-50 


2-0 


6-2 


131-00 


0-60 


2-4 


90 


91-20 


0-70 


2-8 


12-2 


67-00 


0-80 


31 


15-8 


51-20 


0-90 


3-5 


20-0 


40-50 


100 


3-9 


24-7 


32-80 


1-20 


4-7 


35-6 


22-70 


1-25 


4-9 


38-6 


21-00 


1-50 


5-9 


55-6 


14-60 


1-75 


6-9 


76-0 


10-72 


2-00 


7-9 


990 


8-20 


2-25 


8-9 


125-0 


6-50 


2-50 


8-9 


155-0 


5-25 


2-75 


10-8 


187-0 


4-34 


300 


11-8 


2230 


3-65 


3-25 


12-8 


2600 


3-12 


3-50 


13-8 


3030 


2-68 


3-75 • 


14-8 


347-0 


2-35 


4-00 


15-8 


396-0 


2-04 


4-25 


16-8 


446-0 


1-82 


4-50 


17-8 


5000 


1-62 


4-75 


18-8 


556-0 


1-45 


5-00 


19-7 


6200 


1-31 



The following Table gives the relation between break- 
; strains in lbs. per square inch and conductivity for 
ferent materials : — 
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Material of Conducior. 

Pure Coper 
Phosphor Bronze 
Silicon Branze, Mark A 
Mark B 
Swedish Hammered Iron 
Swedish Bessemer Steel 
Siemens -Martin Steel 
Caat Steel . 



39,500 
101,000 
63,200 
79,500 
50,700 
56,200 
39,000 
133,000 



10'5 



The choice of material for an overhead line mutt 
depend on many local circumstances. As a general rule 
copper is preferable to iron or steel, and phosphor bronze, 
or silicon bronze, is preferable to pure copper. To shoff 
the saving in capital outlay which can be effected bjthe 
use of the latter material in comparison to iron, Hert 
Grief, in the book above mentioned, gives comparative 
estimates for a telegraph line of 1,000 kilometers (62S 
miles) in length. Although the line is longer than wiy 
which will probably ever be used for electric transmission 
of energy, and the wire is smaller than would generally 
be required for this purpose, these estimates have still 
some practical value as affording a ready means of com- 
paring the two materials, and for this reason they are here 
added. The reader can see from these Tables how esti- 
mates for overhead lines are made up and what propor- 
tion the different items bear to the total cost. It will be 
noticed that the cost of the wire itself is not so great an 
item in the total cost as to greatly influence it. Although 
the silicon bronze wire coats nearly twice as much as an 
equivalent ii-on wire, there is yet a saving in the total 
capital outlay effected by its use. There are lighter 
supports and a lesser number of them required ; the cost 
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riage and labour is reduced^ and the subsequent 
* maintenance is also less. 

mate I. — Galvanized Iron Wire, 5 millimeter 

l;er. 

Shillings. 

156,000 kilos., at 304/ per 1,000 kilos. . 47,424 

ge for wire, 16/ per ton .... 2,496 

tors, 15,000, at 160/ per 100 . . . 24,000 
^ insulators and attaching wire, at 8/ per 

lometer 8,000 

25 per kilometer (5 single and 10 double), 

; 9-60/ each 240,000 

ge for poles, 80/ per 100 .. . 20,000 

ng poles, 160/ per 100 . . . . 40,000 

g double poles, 1*60/ per pair • 16,000 



Total 397,920 

mate II. — Silicon Bronze Wire, 2 millimeters in 
;er. 

Shillings. 

28,000 kilos., at 3,200/ per 1,000 kilos. . 89,600 

.ge for wire, 16/ per ton .... 448 

tors, 12,000, at 80/ per 100 . . . 9,600 
r insulators and attaching wire at 3*2/ per 

meter 3,200 

16 per kilometer (8 single and 4 double), 

/ each 128,000 

ge for poles, 80/ per 100 ... 12,800 

ng poles, 160/ per 100 . . . . 26,600 

g double poles, 1.60/ per pair . . 6,400 



Total 275,648 
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It will be seen that the total saving in favour of the I 
more expensive silicon bronze wire is very considerable, fl 
It should also be remembered that this wire is hardly atl 
all affected by the atmosphere, and that it retains nearly^ 
its full market value after the equivalent iron wire ha^ 
been rendered valueless by rust. 

Protection from Lightning, 

Overhead lines, whether used for electric lighting < 

Fig. 78. 




transmission of energy, are exposed to the effects of ligM 
ning, which may not only destroy the line, but also i 
dynamos or motors at either end. To protect the plain 
methods are in use, ail of which are more or lesa 
modifications of the lightning protectors used in tele- 
graphy, and which are based on the principle that i 
lightning discharge can leap a small break in a cu-cuit to 
earth, which to the working current is impassable. Fig. 78 
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shows a lightning protector for the line. The vertical 
point acts as an ordinary lightning protector^ so as to 
minimize the risk of the line being struck. Should this 
nevertlieless happen at some place between two protectors, 
then the current will travel along the wire, and leap 
across to the horizontal point, and thus be conducted to 




earth before it can reach the machinery at either end of 
the line. Another arrangement intended for the same 
purpose is that invented by Professor Thomson in con- 
nection with his system of arc lighting over long dis- 
tances. It is, of course, equally applicable to long lines 
used for the transmission of energy. This protector, 
Fig. 79, permits a discharge to earth from both the posi- 
tive and negative line, and it moreover automatically 
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ruptures any short circuit of the lines which may be thnf 
started by the lightning current. It must be rememi 
that the electro-motive force employed in the ThoniBon« 
Houston systsm is very high (up to 2,000 volts), ati(t 
that if an arc is formed between the metal parts of th|. 
protector, this electro- motive force would be high enough 
to sustain it after the lightning stroke baa passed, and 
thus not only damage the protector, but possibly also 
burn up the dynamo. To prevent this a device is em- 
ployed which automatically ruptures the arc. In Fig. 79 
G is the dynamo working the line C ; L and i', aie 
plates of metal in connection with the line, and e and ^ 
are similar plates in connection with earth at E, E'. 
There is a small interval between e and L, and between 
e' and L', which, when a lightning discharge falls on tie 
line, is easily leaped by it. The stroke is thus carried to 
earth. To rupture the arc fonned, a magnet, M, Fig. 80, 
is employed. The plates L and £ approach closely onlj 
at their lowest parts, and above are spread out as shoitiu 
The effect of the magnet, whose poles are flattened out 
as shown, is to repel upward the arc that may be formed 
between the plates L and E. The arc at once rises to 
the wider space and is thus broken, or, so to speak, blovra 
out magnetically. 

Underground Lines. 

A large number of systems of underground cabl»' 

have been either proposed or tried, but as yet it cannot 

be said that anything like finality has been reached. Tbe 

mains have been, and are atill the most serious difficulty 
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ical distribution. Edison was one of the iirst to 
with the problem, and may be said to have found 
on wtich, if not perfect, at least has the merit of 
r. He originated the system of placing two half- 
conductors into an iron pipe, the space between 



Fig. SO. 




londactors, and between ih r irid the pipe being 

I by a bitumiDtus compound nhich was poured in 

, liquefied by heat The mam was made in 20- 

[^engths, the copper strips protruding at each end lor 

jremence of jointing. The joints were made by soider- 
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the thick copper strips cftrried the heat away almos^H 
fast as it was applied to the joint. To minimize ^H 
Irouhle it would have been advantageous to emplfl 
longer tubes, but that was found impossible, as the streM 
of New York, tike those of any large town, are BO cutM 
by gas, water, and drain-pipes, that no straight line of afl 
length can be obtained. A short coupling-tube lifl 
placed over each joint connecting the iron pipes. YeW 
soon after the installation was started troubles ai'o« 
The unequal nature of the ground, and the strains arisi™ 
from the heavy traffic on the streets caused the pipes tfl 
be bent or broken, the conductors were thereby straineffl 
and worked through the bituminous compound until theyl 
came in contact and formed a short cii'Cuit, and the pipeil 
were often accidentally damaged by the tools of workmen I 
engaged upon some gas, water, or sewer work. The light I 
wrought-iron piping at first employed was by degrees I 
exchanged for strong steam-piping which could not 
easily be broken through by a pickaxe, and greater flea- 
bility was given to the whole system by replacing the 
rigid couplings by ball-aud- socket joints which permitted 
the mains to follow more or less any subsidence in the 
ground which might take place. The copper strips beffflS 
being inserted in the pipe, were each taped singly, then 
served spirally with cord, laid together with their flat sides, 
and again wound spirally with cord. This prevented 
their coming in contact with each other, or with the sidffi 
of the pipe, even if the insulating compound should give 
way. Where a bend in the main is necessary, cast-irm 
elbows, as shown in Fig. 81, are introduced. 

It is impossible to speak of underground conducton 
without making a digression to explain the so-called 
"three-wire system." It has already been pointed out 
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I electric distributioa, to be perfect, niuat, insure tlie 
tendence of one motor from the other, and this win 
■be done by keeping the pressure in the niain^ con- 
;, however tbe demand for current may shift and vary 
ifferent parts of the system, and at different times. 
BOW, if we have a single pair of cables, one of them con- 
nected to the positive and the other to the negative 
ite^ninal of the generator, it will be clear that on account 
«f the resistance of these cables the current can only 
larrive at the motor after having undergone some loss of 
Bsure, and this loss will be the greater the greater the 
irrent, or in other words, the more motors are at work 




OD the same main at the same time. As far as motors 
only are concerned the slight difference in electro-motive 
force thus occasioned would not be of any serious conse- 
quence, but as electric lamps must usually be fed from 
the same mains, it becomes very important to keep the 
pressure as nearly constant as possible- This can be 
attained by using a conductor of large size in comparison 
with the maximum current it has to carry. But we have 
already seen that the area of the conductor is determined 
by economical considerations, and any undue increase of 
the weight of copper laid down in the mains would render 
their cost prohibitive. The absolute variation in the 
pressure, both as regards distance from the generator and 
time, is thus a fixed quantity, and all we can do is to 
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leseeii the relative importance of this Tai'iation by workii 
at ae high a pressure as possible. A vaxiatioD of fii 
volts up aud down of a standard pressure of, say, fifty v(d( 
is a very serious matter, involving a difference of 20 pj 
cent, between the highest and lowest pressure ; bul if w 
can increase the standard to 200 volts the difference wil 
be decreased to but 5 per cent., an amount which ii 
practice will be found tolerable. Now, glow lamps i 
usually made require about 100 volts, and if our electrii 
mains are to serve both for light and power purposes w 
must keep a pressure of 100 volts between them. I 
reliable lamps of 200 volts could be obtained we would b< 
able to reduce the weight of mains to one-fourth of wta 
is necessary at 100 volts, but since such lamps are ae ye' 
not to be had, we must look for some expedient whiol 
will allow us to use 100 volt lamps and at the same tinu 
work our supply at 200 volts. This is done by the three 
wire system patented by Dr. J. Hopkinaon in 1882. h 
this system two dynamos are used coupled in the foUowin) 
way. The negative terminal of the first dynamo to thi 
negative main ; the positive terminal of the first dynami 
to the negative terminal of the second dynamo and tfl : 
main called the balancing wire ; the positive teiiuinal fl 
the second dynamo to the positive main. The lamps am 
motors are attached in as nearly as possible equal propoi 
tion across the negative main and the balancing wire, ani 
across the balancing wire and the positive main. If a1 
are at work no cun'ent will pass along the balancing wir 
to the dynamos, but if some of the motors or lamps o 
either one or the other side of the balancing wire b 
switched off, then a differential current will pass alon 
that wire to or from the dynamo whose circuit happen 
for the time being to do the greater part of the wori 



Since it is extremely unlikely that all the lamps or motore 
tn one side of the balancing wire will be switched off at 
the same time, this wire can be considerably smaller than 
any 'of the maina : probably half the area will, in practice, 
e found sufficient. In this case the amount of copper 
[uired for the three-wire system working at 200 volts, as 
upared with the two-wire system working at 100 volts, is 
follows: Each main carrying only half the current need 
iy be half the weight. The balancing wire, carryiiig 
most one-quarter the current, need only be one-quarter 
B weight. Therefore the total weight of copper will be 
+ ^ -I- i in the three-wire system, and 1 + I in the twi>- 
te system, or the former saves 37 per cent, as compared 
the latter. This calculation is made under the sup- 
lition that in either case the area of conductor is de- 
[mined according to Sir William Thomson's law of best 
enomy. It however frequently happens that the size 
wire must be increased from that given by this law in 
ler to limit the variations of pressure, aud as the in- 
iBSed voltage makes a greater absolute variation per- 
Bsible, the saving effected by the three-wire system 
ly be greater than here stated. The Edison Company 
claim that the saving is about 60 jier cent. Mr. Edison 
has proposed to still further reduce the size of the balancing 
wire by providing each consumer with a switch which can 
be set to either one or the other main, the theory being 
that consumers will natiu-ally set their switches so as to gel 
the higher pressure, if there should he a difference doe to 
unequal distribution, and thus mutually aflsist each other 
in getting the standard pressure, and relieve the balan- 
cing wire from having to carrj' any considerable current to 
or from the dynamos. As a further improvement, Profemor 
Forbes has constructed an electro-magnetic apparatus 
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which will automatically set the switch to one or the other 
main as soon as a certain difi'erence iu pressure should be 
exceeded. The thi-ee conductors — viz., the two mains 
and the balancing wii-e — are laid in one wrought-iron tube. 
Each conductor ia wrapped with a layer of insulating 
tape and then wound spirally with a rope impregnated 
with some insulating compound liquefied by heat. 
The pitch of the spiral is large as compared with the 
diameter of the rope, so that the windings of the several 
conductors fit between each other when the conducturs 
are placed together. The three conductors are also 
bound together by a final spiral winding of rope around 
them all and then inserted into the tube. Molten insut 




lating compound is poured into the tube at high tempe- 
rature, ready access being afforded the liquid throughout 
the length of the tube along the spiral paths formed by 
the i-ope winding. 

The joints between successive lengths of these " electric 
tubes " are made by means of special coupling-boxes with 
ball-and-socket connection shown in Fig. 82. Instead of 
soldering the ends of the conductors immediately together, 
short flexible couplings are employed, consisting of a 
piece of cable having cast or brazed on its end suit- 
ably shaped composition sockets, in which are drilled 
holes to fit the size of copper conductor, and to which 
they are soldered in laying the line. Three such cables 
are required for on ordinary joint. A modified coupling 



box ia used for the connection of branch circuits to tlie 
main circuits. The construction of this will be clear from 
tbe illustration. Fig. 83, and after what has been said 
about the ordinary coupling box need not further be 
plained. 

Another kind of junction, being essential to the syatem, 
it be here mentioned. It is the so-called "junction 
ity catch box,'" designed for conuecting so-called 
eders " with certain points in the network of mains, 
employing feeders the same result is obtained as if 
generator, which may be quite outside the district 

Fig. S3. 




pplied, were actually placed at the feeding centre ; aud 
if we employ a sufficient number of feeders, each con- 
nected to its own dynamo, the pressure at the terminals 
of which can be varied so as to keep the pressure at each 
feeding centre constant, we have virtually transferred 
each dynamo to its feeding centre, that is, into close 
proximity to the points of consumption. The equaliza- 
tion of pressure throughout the district supplied is thereby 
much facilitated. At the Edison installation in New 
York there are twenty sepai-ate feeders. The junction 
safety catch box is a large round box, the top of which 
ith the surface of the street. It has a loose out- 




226 ELECTRIC TRAKSMISSIOy OF ENERGY. 

side cover and au inaide cover which is bolted on to make 
a water-tight joint witli the box. The central part of the 
box is occupied by three pole pieces correaponding to, and 
connected with, the three conductors in the feeder, these 
pole pieces being gun-metal rings, each having as many 
radial projections as there are mains connected with the 
box. The pole pieces, aa well as all the other electricil 
fittings within the box to be presently described, are 
insulated from each other and from the box. The radial 
projections terminate in plane, polished, gold-plated sur- 
faces, one inch square, which are an-anged symmetrically 
around the centre of the box and equi-dtstant from it 
Tlie terminals of the mains are arranged in three other 
circles, each respectively on tlie same level as the corre- 
sponding polar ring, but of larger diameter, and the safety 
fuses, also provided with gold-plated terminals, connect 
each pole piece with the terminal of the main radially 
opposite to it. The electric tubes containing the mains 
enter the box two feet below the surface of the' street, 
and the connection between them nnd the box is made 
water-tight. If from any reason— a short circuit or i 
heavy leak — the current through any of the mains be- 
comes too strong, the safety fuse connecting that main 
with the feeder melts and iuteiTupts the current until the 
damage has been repaired and a new fuse inserted. 

Another system which has already passed the first 
experimental stages is that of the American Sectional 
UndeTgrvund Company. It is intended for the accommo- 
dation of telephone, telegraph, electric light, and electric 
power wires, all in the same duct, but separated from each 
other by shelves. The largest size duct yet made is a 
cast-iron pipe of rectangular section, ten inches by fifteen 
inches, costing £3,000 per mile when laid. The pipe is 
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provided at every street-comer with a man-hole large 
enough for one or more men to enter for the purpose of 
hauling in the wires and making the necessary connec- 
tions. There are further, at convenient distances along 
the line of conduit, hand-holes for tapping the wires for 
house-to-house supply. The connection with the house 
wires and mains are made at the nearest man-hole, and 
the house-wires are run along an upper shelf in the duct 
devoted for that purpose until the hand-hole is reached, 
where they are taken out and across to the house. It is 
claimed as a special feature of this system, that through 
the interposition of shelves the telephone wires are 
guarded from induction from the electric light and power 
wires. On the other hand, it seems doubtful whether the 
insulation of heavy cables, after they have been dragged 
along the shelves, will remain perfect. To provide against 
water the man-holes are provided with sumps connected 
to the street drains, and open gratings are placed at cer- 
tain man-holes, by which means sweating and condensa- 
tion in the duct itself are prevented. 

The Brooks Underground Conduit, — The conductors 
are laid in wrought-iron pipes with suitable splice-boxes, 
hand-holes, and outlets. To protect the pipes from oxida- 
tion they are laid in a wooden trough, into which hot 
pitch is poured so as to completely envelop the pipes. 
The conductors are made up into bundles, soaked in hot 
mineral oil, and di*awn into the pipes in 2,000 feet lengths. 
A heavy mineral oil is then forced into the conduit for 
the purpose of excluding moisture and increasing the 
insulation. To show the efficacy of this oil as a means 
of insulation, Mr. Brooks, at the Philadelphia Exhibi- 
tion, showed the following experiment. Two wires were 
attached to a Holz induction machine, and their extre- 
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mities dipped into tlie oil. Tbey were bo placed as to be 
\ inch apart in the oil and 1^ inch apart at the sui-face. 
On turning the machine the spark passed thiough the 
1^" of air-space at the surface, but not through the oil, 
although there the leaping distance was much smaller, 

In all the systems above described the leading idea is 
to provide for the conductor, in the first instance, an insn- J 
lation so perfect and of such thickness that moisture 
cannot get to the metal of the conductor, and so caoM 
leakage. 

The Continental Underground Cable Company ^k^t Ui 
use for their conductor a cheap and thin. insulation, hut 
they endeavour to surround it with an atmosphere of 
perfectly dry aJr under pressure- This is done by build- 
ing conduits with walls of asphalte blocks or other anti- 
moisture material, and providing them with iron supports 
and semicircular wrought-iron troughs for the accommo- 
dation of these lightly insulated mains. The mains 
are hauled thi-ough from one man-hole to the other 
by means of a cord, which has, in the first instance, 
been sent through the conduit by a carriage propelled 
by an electric motor. Very light wires can be laid 
direct by this carriage. It is proposed to close, as hec- 
raetically as possible, the whole of the conduit, and to 
force air into it which has been deprived of ali moisture 
by being passed over some chemicals. Safety-valves are 
fitted at the end of the conduit where this air may escape 
if the pressure rises beyond a safe limit. As far as the 
author is aware this system has not yet been practically 
applied. 

Lead-Covered Cables. — Perhaps the most simple, and 
certainly a very efficient way of keeping cables dry, ifl 
that of suri'ounding each cable with a continuous sheath 
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lead. The cable, after having received the usual insu- 
tion, is passed through a machine which, by hydraulic 
assure, surrounds it with a cylindrical coating of lead 
ee from any open joints, flaws, or other imperfections 
irough which moisture might enter. The cable, thus 
rotected, can be laid either directly into the ground or 
ito a trough made of brickwork filled with loose sand, 
fid then covered over by flags or brickwork. If special 
rotection is required a second lead sheathing is put over 
le first. The following Table gives the weight of single 
Qd double lead-covered cable of different cross-sectional 
rea. 



Section in square 
inches. 


Weight in pounds per mile. 




Single 


Double 


Ohms per mile. 




Covering. 


Covering. 




•007088 


1,150 


1,714 


6^36 


•009331 


1,234 


1,819 


4-84 


•011083 


1,430 


2,092 


4-05 


•011309 


1,489 


2,209 


3-99 


•013193 


1,516 


2,235 


3-40 


•014102 


1,663 


2,400 


3-19 


•015280 


1,795 


2,613 


2-94 


•016960 


1,817 


2,653 


2-65 



CHAPTER IX. 

Po8»ible Applicsiiom of Electric Ttansmission of Energy— Beat Fiald tor 
il is long Di&tance Trensmisaion — CompBriaon with other SjstemB— 
Herr Bennjjer's Investigation — HjJraiiiu Transmission — Pnemuitie 
TransmiBaion — Wire-Rope TransniiBsiaQ— Comparative Tables ol' Effi- 
tiencj Bad Cost — Practical ConclnsionB. 

If we would judge fairly the merits of a new invention, 
we should not only look upon it by itself, but compare it 
with all that has gone before and might be superseded by 
it. This is especially the case if we haye to deal with a 
new thing that has many rivals, and the electric trans- 
mission of energy is precisely in this position. Ever since 
man began to use tools worked by other than manual 
power, he had to employ some system of transinission d 
energy, and as a natural consequence the number of 
systems is not only very large, but each has in the cmirse 
of time beeu brought to great perfection. Electric trans- 
mission has therefore to compete with a host of mechani- 
cal devices, and it becomes important to compare it with 
them. Some enthusiasts predict that in the near future 
all belts, pulleys, shafts, ropes, and cog-wheels will be 
superseded by electric wires and motors. Thus Mr. 
Walker, in "The Electrician" of Jan. 8, 1886, says: 
" How easily and how quickly, and with little occaaon 
for repairs, can two cables be laid, in almost any position, 
for mines, ironworks, docks, factories, as compared with 
shafting, ropes, steam-pipes, compressed air. I have 
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every confidence that the day will come when shafting 
and belts in factories will be looked upon as a barbarism, 
and people will wonder however they endured it so long." 
As a matter of fact, there are already several engineering 
works where electric transmission of power is largely 
used. Messrs. Ducommun in Mulhouse, the Foundry of 
Cannon in Ruelle, the Ecole Industrielle in Saint-Cha- 
mond, the ironworks in La Buire, the workshop of Sir 
David Salomons, and a private workshop of Sir W. Arm- 
strong, in all these instances electro-motors are used. In 
the works of the Societe Gramme, and in those of the 
Compagnie Electrique, there is not a single shaft worked 
by belt, all the tools being coupled direct to small electro- 
motors which are supplied with current from one generator 
driven by the main engine. In the Thomson Houston 
Company's and some other electrical engineering works 
in America electromotors are also largely employed for 
driviug the different machine tools. It has been objected 
that the total efl&ciency of these installations reaches but 
fifty per cent. — that is, only half the power of the engine 
is actually obtained at the tools. This estimate is pro- 
bably below the mark, but even if it were correct it must 
be remembered that there is no necessity for heavy walls, 
columns, or other supports to carry overhead shafting, no 
attendance is required for keeping the bearings in proper 
order, and, above all, there is no intricate mass of belting, 
the maintenance of which is expensive, and which often 
presents a source of danger. Moreover, transmission by 
shafts and belting has generally a lower efficiency than 
fifty per cent., because of the great weight of machinery 
which must at all times be kept in motion, irrespective of 
the number of tools at work at any moment, and irrespec- 
tive of the load on each tool. With electric transmission. 
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on the other hand, no power is consumed, and none is 
transmitted tor those tools which are idle, and the power 
transmitted to the tools at work is alwajs proportional to 
the amount of work they are doing. It is this peculiarity 
of electric transmission, that the power consumed is always 
proportional to the work performed, which rendei-s it on 
the whole more economical than some other and purely 
mechanical devices. 

Whether electricity is ultimately destined to supei-sede 
shafting, pulleys and other gear now commonly used for 
ti-ansmission of energy over short distances is a question 
which only enthusiasts, or those imperfectly acquainted 
with the technical part of the subject, can be bold enough 
to answer. The practical engineer is content to go step 
by step, and to solve those problems which appear most 
promising before he attacks those less certain of success, 
and viewed in this light it would seem that long distance 
transmission offers a better field for the application of 
electricity than short distance transmission. The reason 
is not that it is easier to transmit energy electrically over 
longer distances, but that the difficulties of employing 
purely mechanical means are so great as to make com- 
petition easier. The dllEculties of all systems of trans- 
mission increase with the distance, but for electricity not 
so much as for mechanical means, and consequently the 
advantages of electric transmission become more appB* 
rent at long distances. 

There are four systems of importance suitable for long 
distance transmission : — 

The electric transmission of energy. 

The hydraulic transmission of energy. 

The pneumatic transmission of energy. 

The transmission of energy by wire rope. 
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We do not mention steam as a means for transmitting 
energy over long distances, because it has not come into 
extensive use except in some American towns, where, 
however, the economical results obtained are scarcely 
satisfactory enough to regard steam as a serious com- 
petitor. It is, moreover, unnecessary to consider this 
system specially, as the investigation of pneumatic trans- 
mission would with certain small modifications be also 
applicable for steam instead of air. We also exclude 
from our list the transmission of energy by means of coal 
gas, taking place daily between the distant gas-works and 
numerous gas-engines working from the mains in the 
centre of the town. In this case we transmit, strictly 
speaking, energy, but it is energy in a latent form, and 
not potential energy, as in the systems above mentioned. 
We also leave out of consideration the idea to transmit 
energy by means of a revolving shaft extending over the 
whole distance, as something quite impracticable. Even 
if the cost of such a plant, and the difficulty of providing 
suitable bearings would not be the formidable obstacles 
they are, the system would yet be quite unsuitable for 
long distances, because the friction of the long shaft in its 
journals would absorb too much power. A simple calcula- 
tion shows that with bearings perfectly in line, and good 
lubrication, a wrought-iron shaft of uniform thickness 
and two miles in length, cannot be turned from one end 
because the resistance of friction is greater than the tor- 
sional moment which can safely be applied. If the shaft 
be one mile in length, fifty-five per cent, of the power 
which can safely be applied, is required to overcome its 
own friction, leaving only forty-five per cent, to be re- 
covered at the distant end, whereas in a shaft 100 feet in 
length only one per cent, is wasted in friction. These 



figui'es sluiw that transmission of energy by shafting is 
only economical when applied to short distances, and 
for our present purpose it need therefore not be furtiet 
considered. 

Returning now to the four systems which can be fairly 
considered to be competitors for long distance trauf- 
mission, the choice of one or the other of them must tos 
grt'at extent depend upon local circumstances. If the 
latter are equally favourable to all the four systems, then 
the factors which will determine the choice are : The 
power to be transmitted, the number of hours per annnm 
during which the plant is at work, the price of one-hotse 
power hour at the generating station, and its commercial 
value at the receiving station, and finally the distance of 
transmission. Herr Beringer, in his interesting work' on 
this subject, has made the attempt to compare in a genera! 
way the electric transmission of energy with the other 
three systems above mentioned. In making the com- 
parison it is, of course, necessary to start with certain 
assumptions which should, as nearly as possible, represent 
the average conditions of actual practice. Thus Herr 
Beringer assumes as a basis for his calculations two 
sources of energy, steam and water. As regards the 
former he adopts Grove's valuation of one horse-powei 
hour, which costs in h 

Small steam-engines . 380 pence. ^M 

Medium size steam-engines 2'63 „ ^| 

Large steam-engines . 1-02 „ 

If the engine is at work for 300 days per annum, and 
for ten hours during each day, the annual cost of one 
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lorse-power when using large engines would, therefore, 
3e £12 145. As regards water-power, Herr Beringer 
idopts Meissner's estimate, according to which water- 
power costs one-fifth to one-tenth of steam-power. Under 
the above conditions he fixes the price of one annual 
borse-power obtained by water at £2 I65, A similar 
calculation for gas-engines, assuming that they require 
30 cubic feet of gas per horse-power hour, and that gas 
costs 3*. Qd. per 1,000 cubic feet, brings the price of one 
horse-power hour up to 2*7 pence. This is inclusive of 
interest and depreciation and of attendance. Since both 
gas-engines and small steam-engines can be erected in 
almost any locality, it would obviously be useless to 
transmit the power of these prime movers to any dis- 
tance. A system of transmission will only pay if the 
cost of the power received at the distant end is less than 
the price which would have to be paid for its production 
there, and consequently we need only take those cases 
into consideration where large steam-engines or water- 
wheels, producing power at a cheap rate, are employed 
at the generating station. 

It has already been pointed out that the theoretical 
economy of electric transmission increases with the pres- 
sure employed. On the other hand, the difficulties of 
producing suitable machines, of maintaining the insula- 
tion of the line, and the risk entailed in a failure of insu- 
lation are all greater with a system where a very high 
pressure is used, and for these reasons it seems advisable 
to fix the pressure at a moderate limit. Herr Beringer 
assumes 1,500 volts as a limit sufficiently high to insure 
economical transmission, and yet not too high for safe 
working. He estimates the cost of electric transmission 
when 5, 10, 50, and 100 porse-power are required at the 
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receiving- station, and in all cases for distances of 100, 500, I 
1,{MI0, 5,000 10,000, and 20,000 meters distance. The ] 
jtricea taken for dynamos and motors are rather liigher ] 
than the present market prices, and thus his estimates are 
slightly less favourable to electricity than they need be- 
Thus a dynamo to give 8 electrical horse-power outputis 
valued at £200, whereas such a machine of approved 
■ construction can now be had in the open market for about ; 
£100. The comparison between electric transmission and 
mechanical systems is, therefore, less advantageous to the ■ 
former than it would be if present market prices had been 
taken for the basis of these estimates ; but the fault \& one 
in the right direction, and shows that Hen- Beringer was 
not biassed in favour of the electrical system. The con- 
ductor is, in all cases, supposed to be bai-e copper wire 
carried overhead on poles and insulators, and separate 
wires for the out-and-home circuits are used. The 
diameter of the wire is calculated on Sir W. Thomson's 
rule for greatest economy. In all twenty-four estimates 
were made, and the result is given in the following table, 
the figures in which represent the capital outlay in pounds 
sterling per horse-power obtained at the receiving station. 
The cost of the primeraover and that of buildings, boilers, 
chimney and hydraulic works are not included, as account 
is taken of these items in the estimate of the annual value 
of one horse-power as produced by the prime mover. The 
cost of foundations for dynamos and motors, that of mear 
suring instruments and switches, are, however, taken into 
account ; — 
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Maximnin 
Horse- 
Power 


Capital Outlay reduced to One Horse-Power transmitted over 

a distance of 


Trans- 
mitted. 






100 m. 


500 m. 


1,000 m, 


5,000 m. 


10,000 m. 


20,000 m. 


5 


75 


78 


81 


108 


142 


210 


10- 


52 


54 


56 77 


103 


154 


50 


40 


41 


42 


55 


69 


100 


100 


32 


33 


35 


45 


59 


87 



In estimatmg the working expenses the author allows 
14 per cent, of the capital outlay for interest and depre- 
ciation, and he assumes that the commercial efficiency of 
electric transmission over the distances of 

100 500 1,000 5,000 10,000 20,000 metres 
is -69 -68 '%^ -60 -51 -32 

For each horse-power obtained at the receiving station 
there must consequently be produced at the generating 
station — 

1-45 1-47 1-51 1-67 1*96 312 horse-power. 

Allowing 102 pence as the price to be paid per horse- 
power hour at the generating station, the prime mover 
being supposed to be a large steam engine, the cost of one 
horse-power hour at the receiving station is 

1-48 1-50 1-54 1-70 2-00 318 pence, 

which, added to the figures representing interest and de- 
preciation, gives the following values for one horse-power 
hour obtained at the receiving station. 
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Enerffy 


obtained 


by large 


• Steam . 


Engine. 




Maximum 
Horse- 
Power 
Trans- 
mitted. 


Price of One Horse-Power Hour in Pence transmitted 

oyer a distance of 


100 m. 


500 m. 


1,000 m. 


5,000 ra. ; 10,000 m. 


20,000 m. 


5 

10 

50 

100 


2-25 
1-98 
1-87 
1-79 


2-33 
2-07 
1-94 
1-85 


2-41 
2-14 
1-99 
1-91 


2-87 
2-53 
2-28 
2-18 


3-29 
310 
2-74 
2-63 


5-20 
4-85 
4-25 
4-08 



In compiling this table it has been assumed that the 
plant is at work for 3,000 hours per annum. 

If water-power has to be transmitted, it will in most 
cases be advantageous to keep the plant at work night 
and day, because, in so doing, a maximum of horse-power 
hours is obtained from a given plant. Under these con- 
ditions the price of one horse-power hour in pence is as 
shown in the following table : — 

Energy obtained by Water Motor, 



Maximum 
Horse- 
Power 


Price of One Horse-Power Hour in Pence transmitted 

over a distance of 


1 Trans- 
mitted. 








-1 


100 m. 


500 m. 


1.000 m. 


5,000 m. 


10,000 m. 


20,000 m. 


5 


•35 


•36 


•37 


•44 


•52 


•84 


10 


•27 


•28 


•29 


•36 


•47 


•71 


50 


•23 


•24 


•26 


•29 


•37 


'66 


100 


•20 


•22 


•23 -26 

i 


•32 


•50 



The hydraulic transmission of energy presents many 
points of resemblance with the electric transmission. We 
have at the generating station a force pump which delivers 
water under high pressure into a pipe leading to the 
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eceiving station^ where part of the energy is recovered 
)7 a water motor. To minimize the loss of energy due 
;o the friction of the water against the pipe, the velocity 
)f flow should be as small as possible, or, in other words, 
the diameter of the pipe should be as large as possible. 
In thus trying to increase the economy of the system, we 
incur a larger capital outlay ; and applying Sir William 
Thomson's rule also to this case, we find that there exists 
for every given set of conditions, one particular diameter 
of pipe for which the sum of the annual value of energy 
wasted, and the annual interest on capital outlay becomes 
a minimum. So far the analogy Avith the electrical 
system is perfect. But there enters another element into 
the calculation which to a certain extent modifies the 
law. It has been shown that the most economical size of 
a copper wire depends only on the current, but not 
directly on the pi*essure. It depends on the pressure in- 
directly, inasmuch as with an increased pressure a given 
amount of energy can be transmitted by using a reduced 
current, and this again involves a reduction in the size of 
the conductor. But if the current be a fixed quantity, an 
increase of pressure does not entail a greater outlay for 
conducting material. It might very slightly increase the 
cost of the installation by necessitating a more careful 
insulation ; but the difference in expenditure for a good 
and a perfect insulation is not a great item. With 
hydraulic transmission the case is different. An increase 
of pressure does entail a greater outlay for conducting 
material, because the thickness of metal in the pipe must 
be increased as the pressure is increased ; therefore the 
cost of the conductor depends not only on the quantity of 
water to be transmitted, but also on the pressure. A 
natural limit is thus set to the increase of pressure by 
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fiuancial considerations which are absent iu the case of 
electric transmission. The pressure is also limited by 
technical considerations. In the first place the water 
motor is an engine with bearings and other moving parte, 
ivliich can only work Batisfactorily, and without heating 
■ ir undue wear, it" the pressure between the moying aup- 
t'aces in contact remains within reasonable limits : the same 
as in any other engine. In the second place, if the pres- 
sure be increased beyond a certain limit depending on ths 
tensile strength of the material of the pipe or working 
cylinder, no increase in the thickness of metal can save 
these parts from bursting, as every engineer knows; 
Such a limit to electric pressure does not exist in dynamo 
machines or electvo-motors. It is perfectly conceivable 
to emjiloy any desired pressure provided we increase the 
thickness of insulation sufficiently. 

Another point where there is a vital difl'erence between 
electric and hydraulic transmission of energy is that thff 
electro-motor has nearly the. same commercial efficiencji 
whether fully loaded or not, whereas the water-motor 
when working light has a very much smaller efficiency 
than when fully loaded. Hydraulic transmission Cftiii 
therefore, only be employed where the question of effi- 
ciency is of secondary importance, or where the amount 
of energy to be transmitted is not subject to variations, 

All the above remarks, save the last, apply also to 
pneumatic transmission. But since the friction of com- 
pressed air against the walls of the pipe is less than that 
of water, the pneumatic system can be used over greatei 
distances than the hydraulic system. It is also poseihlf 
to obtain a higher efficiency with varying loads by pro 
viding the receiving machine with a variable expansioi 
gear. There is, however, another drawback peculiar b 
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the employment of an elastic fluid. It is well known that 
heat is generated in compressing air. To prevent the air- 
pump from becoming too hot, the air in the act of being 
compressed must at the same time be cooled, which is 
done either by surrounding the compressing cylinder with 
a water-jacket, and also by circulating water through the 
interior of the compressing piston, or by injecting a spray 
of water at each stroke of the piston. The latter is by 
far the more effective plan. It has been adopted by M. 
Colladon in his air-compressors used in the works at the 
Gothard Tunnel, and is adopted in the " Popp " system 
of compressed air supply at Paris. The air, which is 
always charged more or less with moisture (irrespective 
of the water injected), upon expanding and performing 
work in the receiving engine, becomes reduced in tem- 
perature, and thus there is danger that snow will be 
deposited in the valves and passages of the engine. This 
• danger will be the greater the more expansively the 
engine works — that is to say, the more economical we 
wish to render the system. To prevent the engine from 
becoming clogged by snow and ice, it is therefore neces- 
sary to apply heat in some fonn, and that done either by 
injecting hot water, or by passing the air through a stove 
before allowing it to enter the engine. It need hardly be 
pointed out that the complications thus introduced at the 
generating station and at the receiving station, and the 
increased working expenses entailed, are very objection- 
able features of pneumatic transmission, counterbalancing 
to a great extent the economical advantage it has as 
compared to hydraulic transmission. It may here be 
mentioned that the efficiency of the Popp system at Paris, 
as determined by Professor Kennedy, is only about 50 per 
cent., and that only under very special circumstances. 

B 



The transmission of energy by wire rope invented in 
1850 by M. Him is the most simple, and, up to reason- 
able distances, the most economical of all the known 
means of transmitting energy. The system is so gene- 
rally known that a detailed description need not be given 
in this place. Suffice it to say that the principal sources 
of loss of energy are, I. Friction in the bearings of the i|i 
rope pulleys ; 2. Air resistance ; 3. Stiffness of ropes. 
The loss occasioned through the slipping of the rope on 
its pulleys is so small that it may be neglected. The 
pulleys are placed about 100 yards apart. Greater dis- 
tances are sometimes used, but are avoided where pos- || 
Bible, as the sag of the rope requires too much head \ 
room, the influence of temperature in contracting and ex- 1 
panding the rope becomes too great, and the handling of j 
the rope for renewal or repairs becomes too difficult. From I 
data obtained with wire-rope transmissions actually in- 1 
stalled over distances varying between 100 and 1,000 | 
meters, Herr Beringer calculated the efficiency of tlie 
system as follows : — 

Distance 100 500 1,000 ; 
Efl^eiency -96 '93 -90 



,000 10,000 20,000 meters. 
■60 -37 -13 



The rapid falling off in efficiency for the longer dis- 1 
tances la due to the large number of intermediate stations l| 
necessary on account of the span being limited to 100 I 
metere. 

The author in the book above mentioned gives a large , 
number of estimates for transmission by water, air, and 
wire rope, calculated in the same manner as for electric 
transmission. We need in this place not follow him into 
all the details, but must be content to note the final 
results of hia calculations as being more directly of 
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interest to our subject. The following comparative table 
shows the commercial efficiency of the four rival systems 
for different distances of transmission : — 

Commercial Efficiency, 



Distance of 

TrATiRmififlmn. 


Electric* 


Hjdraalic. 


Pneumatic. 


Wire Rope. 




100 m. 


•69 


•50 


'55 


•96 


500 m. 


'6^ 


•50 


'55 


•93 


i,ooam. 


'66 


•50 


'55 


•90 


5,000 m. 


•60 


•40 


•50 


•60 


10,000 m. 


•51 


•35 


•50 


•36 


20,000 m. 


•32 


•20 


•40 


•13 



It will be seen that for distances less than 5 kilometers 
(about three miles) transmission by wire rope is more 
economical than that by any other system. For distances 
greater than 5 kilometers the electric transmission is 
most economical. As regards capital outlay, the wire- 
rope system is also for short distances more advantageous 
than electric transmission, the limit being at about 
3 kilometers (a little under two miles). Beyond that the 
electrical system is the cheapest, as will be seen from the 
annexed table : — 



^ Since these tables were compiled great improYements in dynamos and 
motors haye been made, and the efficiency of several long distance trans- 
mission plants now at work is over 75 per cent. 
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Capital Outlay in Pounds Sterling reduced to one 
Horse'Powtr, 



HuiBnin 


saltern of Tn»- 






OVH. 


JiiUnee 


f 


















milled. 




100 n,. 


500 m. 


1,000 p. 


•■"- 


10,000 m. 


110,000 B. 




EleclTic 


75 


78 


SI 


108 


142 


210 




Hydrtnlie 


41 


66 


B7 


3G8 


610 


1380 




PneDDutic 


73 


96 


SIO 


600 


1090 


2060 




WireBope 


6-5 


31 


61 


305 


760 


ma 




Electric 


S9 






77 


103 


1ft* 




Hjdmnlic 


30 


45 


65 


220 


416 


m 






60 


73 


8S 


ai3 


369 


6B0 




Wire Ropo 


5-1 


33 


47 


231- 


460 


92S 




Eleclric 


40 


41 


49 


55 


69 


100 


50 


Hydranlic 


le 


21 


30 


91 


170 


3SS 


PnemnBtic 


31 


36 




88 




26ft 




Wire Hope 


1-8 


7-2 


11 


69 


136 


r.i 




Electric 




33 




4S 


69 


87 


100 


HydmulJo 


14 




38 


88 


164 


310 


Pneumatic 


26 


30 


34 


67 


109 


191 




WireBopa 




4-3 


8-4 


41 


81 


lfi2 



The table shows that for short distances the cost of 
electric transmission is very considerable aa compared to 
that of the other systems. The reasoii for this is that 
the prices of dynamos and motors have been rather over- 
estimated, as already mentioned. For long distances this 
is not ao noticeable, as the conductor forms the more 
important item, and especially since an electric wire is 
cheaper than an equivalent hydraulic or pneumatic tuhe. 
If we compare the conductors only we find that for the 
transmission of 10 horse-power a copper wire of 127 mils 
diameter is equivalent to a water-pipe of 3f " diameter, or 
to an air-pipe of 3^" diameter, or to a wire rope of ■^' 
diameter. The proportion between the cost of these con- 
ductors calculated for equal distances is as 
1-4 : 34-1 : 278 : 1 



-fc.^ 
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The conductor with hydraulic transmission costs there- 
fore twenty-five times as much, and with pneumatic 
transmission it costs nearly twenty times as much as with 
electric transmission. These figures prove that as far as 
capital outlay is concerned, the electric system has the 
greatest advantage where the conductor is long, that is, 
where the energy has to be transmitted over a long 
distance. 

It would, however, not be correct to compare the four 
systems on this basis alone. The comparison must be 
made on the question of capital outlay combined with 
efficiency, in other words, the figure of merit for each 
system is the price which has to be paid for one horse- 
power hour at the receiving station. 
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The smaller this price, the better the system. A glance 
t the annexed table will show that the cost of one horse- 
power hour increases in all systems with the distance, but 
^ith electric transmission the increase is not so rapid as 
rith the other systems. The table also shows that up to 
L distance of 1,000 meters (five-eighths of a mile), wire- 
ope transmission is better than electric transmission, but 
ibove that limit the electrical system is better. Hy- 
haulic and pneumatic transmission are in some few cases 
)etter than electric transmission, but then the wire rope 
s again better than either, so that there does not seem to 
De a field for the application of the hydraulic or pneu- 
natic system, except in Cases where the other two systems 
ire for some local reason inadmissible, or where the water 
md air may be of further use after the power has been 
)btained from them. This, for instance, is the case with 
;he pneumatic transmission employed in the building of 
runnels. Here it is an absolute necessity to force air to 
:he end of the workings for ventilating purposes, and 
pneumatic transmission is adopted in preference to any 
)ther system which would require some special ventilating 
3lant being erected. 

The last column on the right in the table gives the cost 
)f one horse-power hour in pence, obtained from a steam- 
engine placed at the receiving station, in which case the 
:ran$mission becomes unnecessary. It is evident that it 
vill always pay to place a steam-engine if the power from 
t can be had at a cheaper rate than it can be brought 
rom a distant source. If the source be water-power 
xansmitted electrically, then the local engine is more 
?xpensive in all cases comprised within the limits of the 
;able ; but if the source is a steam-engine then it depends 
3n the distance and the amount of power required, whether 
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a local steam-engme can produce the power more cheaply 
or Dot. Say we require ten horse-power at the receiving 
station. We can obtain this power at the expenditure ol 
2x. 2Jrf. per hour with a small steam-engine erected 
there. Now if a large steam-engine, working very econo- 
mically could be found within a radius of say two miles 
from the place where we require ten horse-power, we 
might utilize this engine to drive a generating dynamo 
and transmit the energy electrically. The hourly east of 
ten horse-power actually obtained from the electro-motor 
would then be about 2s., or ten per cent, less than the 
power obtained from a local engine. In this case it would 
barely pay to use electric transmission. If the distance 
were a little more than two miles it would certainly not 
pay. On the other hand, if the power required is small, 
say under five horse-power, then electric transmission 
shows a considerable advantage. Thus five horse-power 
I)roduced in a small local steam-engine cost Is. 7rf. per 
hour, whereas we might transmit the same power over a 
distance of two miles at a cost of \s. Id., ivhich represents 
a saving of 6d. per hour. 

Summarizing the results detailed in the table, we come 
to the following conclusions: — 

1. It pays to transmit cheap water-power ; by wire 
rope if the distance is less than a mile, and electrically if 
the distance is a mile or more. This applips to all powers. 

2, It pays to transmit cheap steara-power if the amount 
of energy required at the receiving station does not ex- 
ceed ten horse-power. If the distance is less than a mile 
use wire-rope transmission ; for distances of one mile and 
upwards, up to two or three miles, use electric transmis- 
sion. Beyond this limit a small local steam or gas engine 
is preferable. 



CHAPTER X. 

Classification of Dynamo Electric Machines — The Edison-Hopkinson Dy- 
namo — The Thomson-Houston Dynamo — The Immisch Dynamo— The 
Laurence, Paris, and Scott Dynamo — The Manchester Dynamo — Th«» 
Elwell-Parker Dynamo — The Crompton Dynamo^— The Andrews Dy- 
namo — The Siemens Dynamo — The Goolden Dynamo — The Phoenix 
Dynamo — The Kapp Dynamo — The Brown Dynamo — The Victoria 
Dynamo — The Gulcher Dynamo. 

Ix the foregoing chapters we have dealt with the 
general principles of electric transmission of energy, 
and with the general conditions to be fulfilled by the 
generator and receiver, without, however, limiting the in- 
vestigation to any special type of dynamo machinery. It 
will now be necessary to confront the subject from a 
more practical point of view by entering in detail into the 
types of dynamos and motors at present in use. In so 
doing the author must point out that the present book is 
not intended to teach how dynamo machinery should be 
designed and practically constructed. This is a subject 
so vast, that its treatment could well fill two such volumes 
as the present one, and will therefore not be attempted in 
these pages. The question is rather, how existing types 
of dynamos and motors can best be utilized for the 
electric transmission of energy, and for this purpose it 
suffices to give a descriptive account of those types of 
dynamo electric machines which have been found practi- 
cally successful. Both as regards generator and receiver 
the machines can be classified in the manner adopted 
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in Cha(>ler IV. according to the type of ai-mature em- 
ployed. 

We distinguish three types of armature : — 

I. The Drum, where the wire is wound along the sur- 
fact' and over the ends of the core. 

II. The Cylinder, where the wire is wound along the 
surface and through the internal space of the core. 

III. The Disc, which only differs from the cylinder by 
the proportions of the core, the diameter being large in 
comparison to the length- 
It may be well to point out in this place that the drum , 

requires less wire than the cylinder to produce the samfl i 
electro- motive force, because the end connections intis 
former are generally shorter than the internal connectioDS 
in the latter type ; but when constructed to give alugh 
electro-motive force it has this practical defect, that at 
the ends the different wires cross each other in manj 
layers. This is objectionable for two reasons. In the 
first place, wires between which a great difference of 
])Otential exists, are brought close together, whereby the 
liability to short circuits is increased, and in the second 
place repairs are very difficult, because in order to reach 
any particular wire, all those coils which are wound over 
it must first be removed. In the cylinder and disc arma- 
tures, on theother hand, neighbouring wires on the outside 
as well as on the inside are never at a great difference of 
potential, and each coil can be removed and replaced 
without disturbing the rest of the winding. 

Each of the three types mentioned above can be 
further subdivided, according as the core has a smooth 
surface, or is provided with teeth projecting through the 
winding. It would, however, not serve any useful pur- 
pose to make such a classification in this place, as this 



, classihcation m this place, as tbiaiB | 
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1 subject which properly belongs to a treatise on the con- 
struction of dynamos, rather than one on their application 
for the transmission of energy. It will suffice to give 
here brief descriptions of some of the more important 
machines, without making any attempt to present a 
systematic and exhaustive list of all the various dynamos 
in practical use. 

The Edison-Hopkinson Dynamo, — This machine is an 
improvement upon the original Edison machine, which 
was the first dynamo made of large size. The armature 
was of the drum type, and its core was formed by iron 
discs mounted upon a spindle, and held together by iron 
bolts. The field was produced by a compound magnet 
consisting of a number of long wrought-iron cylinders of 
comparatively small diameter, abutting at one end against 
the pole pieces and at the other against the yoke, formed 
of a massive cast-iron block. It will be clear that this 
arrangement was defective on account of the high magnetic 
resistance occasioned by the small cross-sectional area of 
the magnet cores, and also because the total length of 
magnetizing wire required for a number of small magnets 
was greater than that which would have sufficed for a 
single magnet of a cross-sectional area equal to the 
sum of the areas of the small magnets. Since the specific 
magnetic resistance of cast iron is considerably greater 
than that of wrought iron, the cast-iron part of a magnetic 
circuit should be larger than the wrought-iron part ; and 
if this be not the case in any particular point — as, for in- 
stance, at the butting joint between magnet cores and 
pole pieces and yoke above mentioned, — the lines of force 
will be throttled at that point, thus reducing the strength 
of the field. Another defect in the original Edison 
machine was that the bolts employed to hold the core of 



the armature together were not inaulated from it, and be- 
came, therefore, the seat of strong local eurreutSj which 
created heat and absorbed energy. Dr. Hopkinson has 
in his design removed the various defects here enume- 
rated, and produced machines giving for the same size of 
annature about double the output as compared to the 
original type. The Edison Company have subsequently 
also adopted this improved design. One of these im- 
jiroved dynamos is illustrated in Figs, 84 and 85. Tlie 
ii-on discs i'ni-ming the core of the armature are held 
together by two large washers screwed on the spindle; 
thus doing away with the bolts used by Edison. Th{ 
field is formed by one single horse-shoe only, the cort 
being 18 inches wide by 9^ inches thick, with roundec 
corners. Area of core 171 square inches. The armaturi 
is 10 inches in diameter, and contains 80 conductors, oi 
40 complete turns, each conductor consisting of 16 stram 
■069 wire. A stranded conductor is used in preference ti 
a solid one, on account of the greater facility of bendin{ 
and laying across the ends. The conmmtator contain 
40 bars of hard-drawn copper insulated ivith mica. Thi 
resistance of the field magnet coils, which are coupled u| 
as a shunt to the armature and external circuit, is U 
ohms, that of the armature is '009 ohms, and at a sp 
600 revolutions a minute the electro-motive force 
volts, and the maximum current is 300 amperes. Sinulft 
machines, but wound for 250 volts, are used both fo 
generators and receivers at the Bessbrook and Newr; 
Electric Tramway, where the motive power is furnishei 
by turbines. 

The Thomson- Iioitsto?i machine seems, on accoun 
of its high electro-motive force, particularly suitable fo 
the transmission of energy oier long distances. Fig. 8) 
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shows a general view of this remarkable dynamo. The* 
armature contains only three coils, 1)ut each of many 
turns wound over an ellipsoidal core consisting of an 
inner cast-iron shell and winding of iron wire. Since 
the copper coils are in planes containing the spindle, as in 
all drum armatures, the radial depth of the coils is 
greatest near the axle and least at the equator of the 
ellipsoid, thus bringing the external surface of the arma- 
ture when completed up to a true sphere. The field 

Fig. 86. 




magnet cores are short cylinders of cast iron, provided at 
their outer ends with external flanges for connection with 
drought-iron bars forming the yoke (see also Table of 
types of magnet. Fig. 43), and at their inner ends with 
pole pieces forming the zones of a sphere within which the 
armature revolves. 

The action of the machine will be understood by refe- 
rence to Fig. 86, which represents diagrammatically the 
armature, conamutator, brushes, and pole-pieces, S N, 
Since diametrically opposite points of the same coil pass 
always before poles of opposite sign, the electro-motive 
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created in those points are of opposite direction as 
•Us a lixeil point in space, but of the same tlirectiou 
regards the coil itself. lu considering the action of 
e armature, it will, therefore, suffice if we substitute for 
ich coil one half tnm of wire; the efi'ect will be the 
ime in kind, though, of course, reduced in magnitude. 
let A, B, C represent the three half turns in end view, 
'he coils themselves are wound in the following manner : 
'he firat half of coil A is wound, the starting end being 
ift near the axis and free. To this is joined the starting 
nd of coil B, and the first half of it is likewise wound, 
inning with coil A an angle of 120 degrees. The start- 
ig end of coil C is next joined to the two others, and 
iie whole of coil C is then wound, forming with the two 
thers an angle of 120 degrees. Coil B is next com- 
leted, and finally coil A, which finishes the winding. 

t three free ends of the coils are brought out through 
oUow spindle, as shown in Fig. 87, and are attached 
ree segments of a commutator, each a little less than 
tegrees long, so as to leave an insulating air space 
iea adjacent segments. 
e assume in Fig. 86 that the lines of force pass 
Tftight across from one pole piece to the other. In this 
tse K K will be a neutral line, and no electro-motive force 
ill be created in any of the wires whilst passing it. To 
le right of that line the electro-motive force is directed 
)ward8 the observer — the direction being indicated by a 
ttle cross inscribed into the circle representing the wire 
-and to the left of that line the electro-motive force is 
lirected from the observer, the direction being indicated 
ly a dot placed similarly. On each side of the neutral 
ine there are fixed two brushes forming an angle of 
ibout GO degrees with each other, and being in metallic 
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connection as aliown. The cui'ient entei-s the S 
by tlie brushes on the left, and leaves it by the 1 
on the right. Since the commutator segments forr 
arc of nearly 120 degrees, it will be seen that A is pi 
in contact with the lower positive brush as soon as i 
passed the neutral line, whilst B only leaves the u 
positive brush a moment before it reaches the ne 
line. Each coil is thus in contact with one or the i 
set of brushes for nearly one half revolution and two 
are connected in parallel for nearly a sixth pai't 
revolution, the third coil being during that time in t 
with them. When B has passed the neutral line i 
comes connected in parallel with C, and ^ is in f 
with thena. The nest sixth of a revolution brings ( 
A into parallel and B into series connection, and b 
It might be thought that on account of the small nu 
of coils on the armature the current must be pulss 
This, however, is not the ease, and the steadiness o 
current is partly due to the fact that each coil, wher 
in the position of strongest action, is coupled witl 
two other coils, which are in the position of we 
action, and partly to the effect of self-induction ii 
field magnet coils, which are in series with the arm 
and external circuit. The magnetic inertia of the 
opposes a certain passive resistance to any sudden cl 
in the intensity of the current and acts as a steal 
agent in the same manner as a heavy fly-wheel 
steam-engine tends to keep the speed uniform, 
induction plays also an important part in the arm 
itself, preparing, as it were, each coil for the cii 
which is generated in it as soon as it passes the nt 
line, and yet preventing any undue amount of bad 
of current through any single cuii whilst the same i 
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reak part of the field. It is evident that in a symmetrical 
ield the electro-motive forces in A and B will be equal 
it the moment when these wires are equidistant from the 
leutral line, but not in any other position. When A has 
idvanced into a position where its rate of cutting lines of 
brce is greater^ B will have advanced into a position 
?here its rate of cutting lines of force is less than before, 
ind consequently the electro-motive forces in these two 
joils (which, as mentioned above, are in parallel connec- 
ion) will no longer be equal. If there were no self- 
nduction in B the excess of electro-motive force in A 
vould simply be used up in urging a local current 
hrough the two coils. This current would be quite 
iseless as far as the external circuit is concerned, and the 
mergy thus wasted would, of course, result in a reduc- 
ion of the available electro-motive force. In reality this 
s not the case. The coil B, although of lower electro- 
notive force than Ay is able by its self-induction to resist 
or a certain time the current which A tries to force back 
hrough it. This resistance can only last a very short 
ime, after which, figuratively speaking, B would be 
)verpowered by A ; but the time during which the two 
Joils are coupled parallel is also exceedingly short. In a 
nachine running at 850 revolutions a minute it would 
)nly require the one hundred and seventieth part of a 
Jeeond for the wire B to move from a position where it is 
equivalent to A into a position where it is already dis- 
connected from A. Small as this interval of time may 
appear, it suffices for the creation of some, though not a 
very large, back current in B, This is an advantage, for 
when B has passed the neutral line it becomes coupled in 
parallel with C, and could, therefore, receive a strong 
local current from the latter coil, which at the time is 



260 ELECTRIC TRANSMISSlOy OF BNmiGT. I 

near its position of best action. But since B has buen 
provided by A with a downward current before pmsing 
the neutral line, the inertia of this current and the seif- 
inductiou of the coil B are sufficient to resist for aahort 
time the tendency of C to set up a back current- Bj the 
time this resistance could be overcome coil B itself ki 
passed into a etuong part of the field and has thus become 
the seat of a high electro-motive force. A moment later 
C enters the weak part of the field, and is charged by B 
with an upward current, preparing it for parallel connec- 
tion with A on the right of the neutral line, and so on. It 
cannot, of course, be expected that these inter-actions takft 
place with mathematical precision, and that the forces be 
balanced to a nicety, and it is, therefore, necessary to 
make provision by which any want of balance, manifest- 
ing itself in sparking at the commutator, may be rendered 
harmless. For this pui-pose an aii- blnat is fitted to the 
machine, the jets of air being directed at the two pointfl 
on the commutator where the forward or leading brushes 
touch it, and the action of the blast, which is intermittenl^ 
is so timed that a puff of wind is produced at each moment 
when a segment leaves the brush, thus blowing out the 
spark. 

The machme is made aelf-regulating for constaffl 
current by an electro-magnetic device (shown on the lef 
in Fig. 87), which causes the angle between each seto 
brushes to increase when the current becomes too strong 
whereby the armature ia for shorter or longer period 
short- arc uited on itself, and its electro-motive force witl 
drawn from the external circuit. A detailed descriptio 
of the mechanism employed will be found in an article b 
the author, published in " The Engineer "for August 21 
1885. 
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The Immisch Dynamo, which is used both as generator 
and as motor, has since its first conception undergone 
considerable alterations. In his earliest machines Mr. 
Immisch made an attempt to reduce the magnetic induc- 
tion between like poles in armature and field, and to in- 
crease it between unUke poles by recessing a portion of 
each pole piece. He further attempted to minimize the 
effect of self-induction in the armature coils whilst the 
current was commutated by a somewhat complicated 
arrangement of double commutator and winding, but 
these devices have now been abandoned, and the Immisch 
dynamo has thus been brought to a form very similar to 
that of a number of other machines which, although not 
possessed of any special features, have given very good 
results in actual practice. Machines for high voltage 
are made with cylinder, and those for low voltage with 
drum armatures, the field being in all cases of the double 
horse-shoe " Manchester " type. In small machines the 
core of each magnet is a single wrought iron slab, but in 
large machines each core is composed of a number of 
slabs, partly to facilitate handling and partly to avoid 
heating when the machine is at work. This result is due 
not only to the greater cooling surface obtained by the 
subdivision of magnet cores, but also to the reduction of 
Foucault currents in the mass of the cores. The Immisch 
machines are largely used in collieries for pumping, and 
the load is in many cases extremely variable, causing 
rapid fluctuations in the current. The magnetizing 
power (the field being series wound) is thus also liable to 
vary very rapidly, producing considerable and abrupt 
variations in the strength of the field, which give rise to 
Foucault currents in the mass of the magnets. By sub- 
dividing the latter, these currents are brought within safe 
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on the magnets. Tlie same armature is used in botS 
machines. The author is indebted to Mr. Albion Snelifl 
engineer to Mesare, Immisch & Co., Limited, for the {(^ 
lowing particulars ofa plant erected at St. John's Collier™ 
Normanton. Generator, 480 revohitions per minute, 69fl 
volts at terminals, average current, 59 amjieres. Sections 
area of magnet cores uii each side, 160 square inches ; selfl 
tional area of armature, one side, 54 square inches. Arnul 
tiire, 24 inches diameter, 16 inches long ; radial depth (M 
discs, 4i inches. The armature is gramme wound with 7611 
turnsof No, 9 S. W. G. wire, there being two layers on the 
outer surface. The resistance is '36 ohm. The field 
winding consists of 6 layers No. 4 S. W. G. wire, there 
being 984 turns on each limb, the two limbs being in 
parallel. With the average current of 59 amperes, the, 
existing power is, therefore, about 29,000 ampere turns. 
The resistance of the field is 25 ohm. The arc embraced 
by each pole piece is 150" in the centre and 140° at the 
ends of the armature, and the lead of the brushes is about 
20°. The weight of the complete machine is about 5^- 
tons. In the motor, the field magnet cores have a crosa 
sectional area of 1 15 square inches, and the exciting coils 
contain only 5 layers of No. 4 S. W. G. wire, making 840 
turns per limb, or an exciting power of about 24,000 
ampere turns. The arc embraced by each pole piece is 
130° in the centi'e and 120° at the ends of the armatursj 
and the backward lead of the brushes is about 15°, It 
will be seen from these figures that the induction through 
the iron in the armature is in the generator 18'4, and in 
the motor 16-8 lines per square inch, or in C. G. S. mea- 
sure 17,100 and 15,600 respectively. 

For small motors, and especially where saving of weight 
is important, Mr. Immisch employs an ordinary double 
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jdrse-shoe field of the type Bliown in Fig. 30. 'J'lie tram- 
j motor of Fijr- &" is Tirovide'l with such a fielil. It 




weij^hs 800 lbs. and can develop 10 horse-power when 

running at a speed of 600 revolutions per minute. 

The Laurence, Parii, ami Scott Di/iitiiito. Two types of 
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this machine are made, one as shown in Fig. 9! fo 
sniallei-. and one as shown in Fig. 92 for larger sizes. Fij 
93 illustrates the arranjrement of field magnets and arma 




ture in the lattt^' uriluiiljli' iini-,L-shoc tjjje. The niagiit 
are of cast iron and very massive, whilst the armature ii 
Pacinotti drum with very deep and narrow teeth. T 
armature diecs are provided with hexagonal holes, whi 
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it tile shafl which is of corresponding aeclion, and lliiis 

hearmatureis setnireiy dnvpn. Mesara. Laurence, Paris, 




ind Scott, Limited, iiavo also built so called motor gene- 
tors on these lines. These machines are intended for 
B conversion of a small high pressure current into 
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-a low pressure cuireot of eorrespondiugly greater 
Btrengtfa, and are provided with an armature hnviog 
a double winding and two commutators, one at each 
end. The fine wire winding, wheu traversed by the ' 
high pressure current, causes the armature to rotate, ^ 
and, in consequence of this movement, a low pressure 
current is generated in the thick wive winding- The two 
windings are arranged to occupy alternate grooves in 
the armature, and thus the self induction in one circuit 
neutralizes the self induction in the other ; the current 
collection on both commutators can, at all loads, be 
effected without any epai-king, and the brushes need not 
be shifted or adjusted for different loads. Since the strains 
are all internal, that is to say, only between the wires of 
the two circuits, very little power is lost through me- 
chanical friction in the bearings, and a fairly high efficiency 
of conversion can be obtained. A machine of this type 
was shown at the Newcastle Exhibition in 1887, and was 
there tested by the author with very satisfactory result*. 
The machine at the time attracted a good deal of atten- 
tion, and it was generally believed that similar machine: 
would speedily come into use for long distance transmis 
■sion and conversion of electric energy, especially in con 
nection with central electric light stations. These hope 
have up to the present however remained unfulfillec 
although one electric light company in London at leas 
has adopted motor generatoi-s as an integral part of the: 
system. This is the Chelsea Companj', who intend t 
increase the output of their storage batteries by adding t 
the system raot«r generators worked direct from tli 
dynamos at the distant central station. One of th 
greatest difficulties which will have to be overcome befoi 
these machines can be employed with safety is that < 
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insolation between the two armature circuits. It is 
obvious that with a primary current at 1,000 or 2,000 
Tolts the insulation of the fine wire circuit from the core of 
the armature and from the thick wire circuit must be ab- 
solutely perfect^ as otherwise there would be danger 
in handling the low pressure circuit in the houses. 
Engineers who have had experience with alternate cur- 
rent transformers know how difficult it is to obtain an ab- 
solutely perfect insulation between the primary and; 
secondary circuits^ but it can be done, thanks to the fact 
that the coils are not subject to motion and mechanical 
strains^ and that with a proper design a sufficient amount 
of insulating space can always be provided. In both these 
respects the rotary transformer is at a great disadvantage. 
The insulating space is required in a position where it is 
exceedingly expensive, viz., on the armature ; the coils 
cannot be concentrated as in an alternate current trans- 
former, but must be spread over the whole surface of the 
armature, and thus the liability to leakage is increased ; 
and last but not least, the mechanical strains coming upon 
the wires and insulation tend to destroy the latter. These 
difficulties are so formidable that it would appear better 
not to place the two windings upon the same armature 
core, but employ two distinct machines, either belted 
together, or, better still, with their shafts coupled in line 
by means of an insulating coupling. Insulating space 
outside of a machine costs nothing, and therefore this 
coupling, although subjected to mechanical strains, can 
be perfectly insulated ; the whole motor can also be 
insulated from earth, so that the danger of its being injured 
by internal leakage is reduced, and, finally, there is perfect 
safety for the secondary circuit. 
Returning after this digression to the machines as now 
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made by Messrs. Laurence. Paris, and Scott, Limited, the I 
author is able, by the courtesy of the firm, to give Bome I 
particulars of a generator and a motor. The armature of I 
the machine shown in Fig. 92 has a sectional area of 2H I 
square inches between bottom of grooves, and 208 active 
wires connected to a 52-part commutator. The totsl 
sectional area of the magnet cores is 98 square inches, and 
the magnets are compound wound, the main winding con- ' 
sisting of 28 turns of sheet copper on each upper Umb 4i 
inches wide and 25 mils thick. The shunt coils are on 
the lower limbs and produce an exciting power of 6,468 
ampere turns, whilst the main coils at full current produce 
3,360 ampere turns, total 9,828, The machine when 
running at 710revolutions per minute gives a current of 120 
amperes at 100 volts. From these figures it will be found 
that the induction through the armature core, assuming it 
to take place wholly through the solid part of the discs, is 
about 23 lines per square inch, or in C. G. S. measure 
21,500, a remarkably high figure. It is, however, pro- 
bable that part of the induction takes place also across 
the projections, so that the density of lines in the central 
part of the core will be slightly less than the figure here 
given. 

Fig. 94 shows a motor intended to work ou a 100 volt 
circuit, and to give off 1^ hnrse-power. The armature 
core is 3g inches diameter and 4 inches long. It contains 
7'6 square inches of iron, and the winding consists of 720 
active wires 42 mils thick. The magnet section is 17"72 
square inches cast iron, and the shunt exciting coils con- 
tain 4,960 turns of 25 mils wire ; resistance 140 ohms 
warm. To facilitate the starting, a small aeries coil is 
placed upon one limb, which can be short circuited by an 
iron lever placed across the pole pieces on the top, as 
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lown. When the magnets are excited iKis lever is pulled 
)wn, but is prevented from ninvinfi hy a small trigger. 
Cter the machine has attained some sjieed the trigger is 
leased bj Laml aud the lever allowed to descend, when 
bndges the terminals of the sevies-exciting coil, thus 
Ltting it out. The machine then works as a pure shunt 
and is approximately self-regulating. When 
topped, the lever is pulled up by a spring, and again 
luts the main coit in series with the armature ready for 




he next start. The weight of the motor is 154 lbs., and 
its normal speed 1,300 revolutions per minute. 

The Manchester Di/namo. — The shape of the field 
lagnets of this machine gives it a very compact appear- 
noe, and where a large external leakage-field and great 
eight are not objectionable, the design is very advan- 
tgeous. 

It will be seen from the illustration, Fig. 95, that the 
ignetic circuit is of the double horse-slioe pattern, the 
u^netizing coils being placed over thai portion of the 
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the rii-t-iron and wrought iron poitions of the magnetic 
cirnnt is about tmce as large as the ciobs sectional area 
(if llie iingnet core in orler that the hnet f force in 
])a«sin^ fi-om the mateiial tf gieatei mignetic conduc 
In itj into that of lesser magnet c conductivity may not 
be throttled as was the case in the onginal Ed snn 
dynamo. The armature core consists of a sericb f thin 
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ight-iroD discs insulated from each other at their 
peripheryj and supported on the spindie by metal 
in a positive mechanical manner. The wire coUa 
'Tiowever, held on the core by friction only, which is 
iased by the presence of the usual binding hoops, 
electrical data of a machine Intended for a current 
of 200 amperes at HO volts pressure, as given by " The 
Engineer" for Aug. 7, 1883, are as follows: — Magnet 
cores, 7-^ inches diameter ; length of magnetizing coils 
(which are wound on separate metal sleeves), 12^ inches ; 
armature core, 12 inches diameter and 12 inches long ; 
armature conductor, 203 mils solid wire wound Gramme 
fwlnon in 120 convolutions, and counected in the usual 
^th a 40-part commutator ; resistance of armature, 
ahm ; field magnets are compound-wound j re- 
of shunt coils on magnets, 19'36 ohms ; resistance 
coils on magnets, "012 ohm ; each magnet limb 
1,680 turns of 65 mils shunt wire, and 42 turns 
'eble 203 mils main wii-e ; noi-mal speed, 1,050 revo- 
lufions a minute. There is no provision made for venti- 
lating the interior of the armature core. 

The Elwell'Parher Dynamo.— The machine originally 
l^ttrvQ under this name has during recent years been con- 
HfeTa'bly modified. In its earliest form it had a Gramme 
mmature, the core of which was made of iron wire, coiled 
pugun-metal supporting arms. The field was of the double 
lorse-sLoe pattern, in the shape of a square framework, 
lith the armature passing through the centre between 
Mt-iron pole pieces. In the modern machines the arma^ 
lire is generally of the drum type, and the field a single 
lorse-shoe for small and moderate sizes, whilst for larger 
iizeB a system of field magnets having four poles is em- 
ployed. The ai-maturc core consists of iron discs sup- 
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I ported on the spindle by metal arms in the usual way, 
I and the field magnets are of wrutight iron. Figs. 96 and 
I 9' give outline views of the type adopted for small and 
I moderate size machines. The same design is used for 
I motors where there is no necessity to reduce apace and 
I weight, but if lightness and small bulk are of importance) 
I machines with a double horse-shoe field are employed. 
In dynamos of larger size the field magnets are so 

arranged as to present fom- poles to the armature, Fig, 98 ; 

diametrically opposite poles being of the same sign. In 

Fig. lis. 




this design, which was first employed in the Elphinstonc- 

Vincent machine, now long obsolete, four distinct circuits 

through the ai-mature are obtained, and correspondingly 

-four brushes are used. If equi-potential points of the 

^mature conductor were permanently connected with 

ich other, as has been done in the E I phinstone- Vincent 

od in the Victoria dynamos, two brushes would suffice. 

Jie practical advantage of four poles over two is that 

'mble the current can be obtained without increasing 

'■J density of current in the armature conductor. On 

e other hand, there is a alight sacrifice of electro -motive 

woe due to the greater magnetic resistance of air space . 



878 



ELECTRIC TRANSXlSSIOHf OF ESERGT. 



and consetjucnt weakening of the field. In cylindffl 
armatures tlie area of each pole piece {>. b of the foimuli 
fipven in Chapter IV.) must evidently be the smaller tl 
more separate pole pieces have to be placed round tl 
armature, and, coneequently, the four-pole machine h 
have considerably more magnetic resistance than a ti 
pole machine of equal ^ize. 

The illustration. Fig. 99, represents one of the si 
dynamos of this type, which are supplying current for the 

Pig. 102. 




I 

L 



Blackpool Electric Tramway. They are each wound for 
a current of 180 amperes, and at 350 revolutions a minute 
their electro-motive force is 200 volts, which is found to 
be sufficient for the working of the line. The field mag- 
nets are excited by a small separate dynamo. 

The motors used on the tramcars of this line are repre- 
sented by Fig. 100, whilst Fig. 101 represents a later 
form of motor, used on tramcars ivhere the cun-ent is 
supplied by storage batteries. 

The Crompfon Dynamos. — T!ie core of the Crompton 
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' armiture consists of a number of thin wrought-iron discs, 
about 25 to the inch, smooth on the outside, but provided 
on the inside with three or more dovetail notches placed 
equidistantly ; and into the grooves thus formed radial 
bare are fitted, as will be seen from Fig. 102, which is a 
ci'oss-section through a 21,000 watt Cromjiton dynamo. 
Fig, 103 is a longitudinal section. The inner edges of 
the radial bars are fitted into grooves slotted out in the 




steel spindle, the oroBs-section of wliich is triangular, so 
a to afford sufficient deptb of grooves without weakening 

the central portion of the spindle. Each alternate disc is 
i'Coated on both sides with insulating paint, and at stated 
■intervals fibre distance pieces are inserted by which the 
P.core is subdivided into a number of comparatively narrow 
■ rings, the object being to afford passages for air through 
K'the body of the core to cool it. These divisions are 
uhown in Fig. 103. Tiie field magnets are of the double 
Ihorse-shoe pattera, and consist of straight wrought-iron 
1 elabs bolted together at the yokes, and attached to a cast- 




iron bed plate by gun-metal chairs. In the machine her^ 
illuBtratcd, and in fact in all machines of large size, tk^ 
armature is wound, not with wire, but with srjuare bars of 




f.M 



copper. The electrical data of this machine, as given by 
"The Engineer," are as follows: Core of armature 12 
inches diameter, 2-j inches deep, and 28 inches long ; air 
space between core and pole pieces "47 inches ; core of 
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\ magnets 4^ inches thick by 24 inches wide ; con- 
;tor on armature 300 mils by 180 mils, wound over the 
e in 120 turns^ and connected in the usual way to a 
-part commutator ; resistance of armature '021 ohm. 
le machine is intended for a current of 200 amperes, 
d at 450 revolutions the electro-motive force is 110 
Its. Fig. 104 shows the arrangement adopted by 
:essrs. Crompton for driving these dynamos direct by 
Tillans' high-speed engines. To get the centre of rota- 
on low, a point of importance in ship lighting, the 
^namo is placed horizontally as shown in these illustra- 
ons, but where there is suflScient over-head room a 
ngle horse-shoe vertical arrangement is also sometimes 
sed. For low voltage the armatures of Mr. Crompton's 
itest machines are drum wound. The belt-driven ma- 
bines are made vertical, as shown in Fig. 105, and for 
igh voltage the armature is Gramme wound, and of large 
iameter as compared to the size of the field magnets. 

The Andrews Dynamo is remarkable for a peculiar 
lethod of connecting up the coils. It is a four-pole ma- 
liine with two brushes only, but diametrically opposite, 
ad therefore equi-potential points of the conductor are 
Dt connected in the usual way so as to split up the wind- 
g into four parallel circuits from which double the cur- 
int can be obtained. In this case the connections are 
ade in such a way as to obtain the same current, but 
)uble the electro-motive force. The difference will best 
J imderstood by reference to Fig. 106, which shows both 
stems side by side, that on the left being the coupling 
r quantity, that on the right the coupling for tension. 
1 the latter system an uneven number of coils must be 
nployed, generally fifty-nine, but for clearness of illus- 
ation only eleven are shown. One end of each coil is 
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ctinnected to its commutator-plate and the other to tl 
wire connecting the opposite coil with its comrautato 
plate. Thus the front end of 1 is connected to the h 
end of 2 and to plate 2 of the commutator, the front! 
of 2 is connected to the back end of 3 and to plate Sj^ 
so on, the last connection heing the front end of 1 1 tofl 
back end of 1 and to plate 1. The current entering! 
armature at the negative brush, where it touches plati 
splits into two circuits, one going round coil 6, up o 
outside of the armature, the other round coil 5, < 




the outeide of the armature. The former current goes I 
successively up in 7, 8, and 9, leaving the armature at 1 
plate 10 by the positive brush, whilst the latter goes suc- 
cessively down in 5, 4, 3, 2, 1 and 11, leaving the ar- 
mature also at plate 10. If there were 59 coils the 
current would gn similarly up in 28, and down in 31 
coils, and by fallowing the direction of the current in the 
diagram it will be seen that it is the same as the electro- 
motive force induced in each coil — in other words, that the 
electro-motive force created by one pair of poles is added 
to that created by the other pair, 

7%e Siemens Dynamc^-lhe machines formerly made 



r Messrs. SiemeoE h»d field magnets of the trpc bIiowd 

I Fig. 29, and placed either vertically or borizontallT. 

large Dumber of tbese machines are still in ase. 

Ihe magnets are formed of several bars arched in the 

intre to form the polar cavity, and the armature is drum 
^ond. Some three years ago Messrs. Siemens and 

Fig. lOT. 



Halske, in Berlin, made a series of experiments with dif- 
ferent forma of field magnets, and adopted finally the 
single horse-shoe type, in which the magnets were either 
cast iron in one with the bed plate which formed the 
yoke, or of wrought iron bolted to the bedplate as shown 
in Fig. 107. 

The Goolden Dynamii. — This machine also has passed 
through several stages of development. Originally 





Jlessra. Goolden made aii improved form of Gran 
machine, then followed several forms of single hovse^ 
machines with only one exciting coil (one of these dei 
being still retained for very small motors and generatq 
and finally they adopted the upright single horse-i 
machine with two exciting coils, both for belt and c 
driving. For low voltage machines the armatures! 
drum wound, and for high voltage machines they t 



Fig. 108. 




Gramme wound. The field magnet cores are of wrought 

iron bolted to the bed plate, but the pole pieces are of j 
cast iron held down by stout iron bolts tapped into the 
ends of the cores. Fig. 108 shows a machine coopled 1 
direct to a Brotherhood engine, and designed to give at 
430 revs, per minute a current of 300 amperes at H6 
volts terminal pressure. The armature is 1^-^ in. diameter ' 
and contains 180 active conductors ; its resistance ia i 
■015 ohm. The total induction ia 1,430 lines or 8,600,000 
C.G.S. lines. The total exciting power is about 20,000 
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npere turns. The interpoUr space i> *75 in. TW r^ 
ptance of the shunt coils U 1^-6 and iLat of the aemt 
■008 ohm. 

he motors employed br Mean. GooUeB »e cf a 
nilar type, and Fig. 109 ebowa ooe boih &r aa dectrie 
. In this machine the magnet com and pole piece* 
; both of wrought iron, and cast4nm btvckeb ate fitted 
F>s. 109. 




to the pole pieces by which the motor is attached to the 
hull of the vessel- One of the brackets is prolonged fore 

I and aft to cany the bearings, thus making the machine 
entii'ely self-contained. A motor placed low enough in a 
r' boat to work the propeller direct is of course liable to be 
occasionally immersed, and if of ordinary construction 
would in such a case become useless. To provide against 
I this contingency the armature is made entirely watet^ 
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n 

I proof. The tags on the commutator are carried out W 

I the full radial diiiieiision of the armature and form a com- 

B plete disc, and at the other end a disc of the same AiSr 

B meter as the armature is fitted on and the whole surface 

I of the armature is lapped over with several layers of a 

I waterproof material, outside of which the binding hoops 

I are put on. The junction of this waterproof coat witli i 

■ the end discs is also made tight by a serving of binding 



wire. The motor iUu-iriii^Ml Ims an 8 in, 
weighs Si cwt. It is intended to develop 5 hp. at 500 
revs, per minute, with a current of 50 amperes supplied at 
96 volts pressure. The total induction is 380 lines, the 
interpolar space '625 in., the exciting power about 15,000 
ampere turns, and the resistances are, .ai'mature "20, ani 
field (shunt wound) 14 ohms. 

The Phcenix Dynamo. — In the original type of machine 
known under this name, and made by Messrs. Paterson 
and Cooper, the field was formed by a double horse-shoe 
magnet, and the armature was a Pacinotti ring. In later 





plate. A, Fig. HO, by which they are fitted to the yoke 
proper, which, as usual, forms part of the bed plate. The 
large area of contact reduces the magnetic resistance of 
the joint to a minimum. Fig. Ill shows a general view 
of a machine designed for an output of 18 kilowatts at 
1,020 revs, per minute. The armature core is 13 in. dia- 
meter, 2 in, deep, and 9 in. long. It is wound with 174 



I 
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turns of 203 mils wire, and provided with a 5S-part c( 
mutator. The section of the cast-iron magnets is 9 in. 
11 in., and the bore of the polar cavity is 13|.in. 1 
magnet winding consists of 54 turns of double 203 n 
wire in each of the main coils, which are coupled paral 
and 1,360 turns of 65 rails wire in each of the shunt co 
which are coupled in series. At the full output of 1 
amperes at 118 volts, the exciting power of the maiii 
about 8,500, and that of the shnnt about 11,500 ampi 
turns, total 20,000 ampere turns. The resistances ai 
armature '033, main '015, and shunt 29 ohms. 

In machines intended for very large currents Mese 
Patersou and Cooper employ a stranded cable for t 
armature conductor, to avoid the Foucault currents wM 
would be generated in the conductor if this were a sol 
wire or bar. The first machine wound in this niann 
was made by the fiim about six years ago, and since thi 
other makers have also adopted stranded conductors i 
their armatures if intended to cany heavy curren 
Where smallness of weight is desh'able the magnets a 
made of wrought iron, and the hearings are carried in gu 
metal brackets attached to the pole pieces, as shown 
Fig. 112. Instead of a bed plate proper the machine 
provided with two cast-iron angle brackets by which it 
bolted down. The following particulars of a machine 
this type have been published in " Industries," of t 
29th of July, 1887. Output 100 amperes at 250 vo 
pressure. Speed 700 revs, per minute. Armature co 
13|- in. external, and 8 in. internal diameter, 12 in. lot 
wound with 360 turns of 150 mils wire in two laye 
Sectional area of armature core, allowing for inaulatii 
60 sq. in. Miignets 8 by 12, sectional area 96 sq. 
Bore of polar cavity 15 in. The magnets are shn 



ound, each limb coDt&iaiiig 3,540 turns of 62 mil« wire, 
id the total shunt reBistance uf'thi^ two linib^, which are 
lUpled in series, is 83 ohms. The e?^citing power is 
bout 21,000 ampere turns, and the useful induction 
rough the magnets is 11, and through the armature 17 

Fig, 112. 




lea per sq m The total weight of the machme is 
cwt , or 85 Lwt per hp tmtput 

The Kapp Dynamo — The authoi a machme is of the 
■polar upnght type with single holse-^hoe magnet, the 
Qature being of the drum type for low, and the Gramme 
le for high voltage. The armature core consists of 
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thin c)iarcoal iron discs, provided on the inside ^ 
notclies, by which they are fitted on radial bars cast Q 
gether with a central hub, which, as well as the bars, < 
tends the whole length of the armature, thus forminj 
tube and giving additional sti She as to the shaft. To p 
vide inteiTial ventilation of the core, pairs of stouter disw 
are inserted at intervals, the two discs of each pair being 
separated by distance pieces to form free internal spaces 
through which the air can pass. On their outer circuni- 
fi-reuce tlie stout discs are [irovided with a certain number 
of projections spaced evenly around, and over each isi 
fitted a piece of fibre to Insulate the winding from thu^ 
jirojections. The winding fills the whole of the iuterme^ 
diiite space, and the openings in the fibre pieces allow the 
air to pass through. The object of employing stout discs 
with projecting teeth is thus to make ventilation possible, 
but they alsoserve another and very important purpose. It 
will be readily seen that the whole of the useful work of 
a dynamo machine, be it used as generator or motor, is 
done by the armature conductors, which must be thus 
subject to a considerable mechanical strain, and it be- 
comes therefore important to hold the conductors in the 
most secure possible manner. In small machines the 
frictional grip of the binding hoops may be sufficient to i 
hold the wires, but with larger machines it is not bo, and 
therefore the author makes use of the projections or 
" diiving horns " above described to securely hold the 
annature conductors in place. 

Fig. 113 shows one of the author's machines as made 
for belt driving. The magnets are of annealed wrought 
iron bolted at the bottom to a yoke, which is cast in one 
with the bed plate, the area of cross-section in the yoke 
being about 40 per cent, greater than that of the magnet 



KAPP DYSAMO. 



feces, to compoDBate for the greater magnetic i-eBistance 
T cast as compared with wrought iron. The pole piet-es 
[eing one forging with the cores are also of wi-ought iron, 




but at the upper and lower edges there are bolted on 
Btrips of caat iron, forming slight exteoBions of the polar 
The object of this arrangement is two-fold. In 
first place, the greater polar area thus obtained re- 
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(luces the □! Kg □ I- tic resistance of the inter-polar space, aud 
consequently the exciting energy required; and in the 
second place, the thin edge of the strips causes a gradual 
shading off between the very intense field of the pole pieces 
proper and the nentral spaces, so that the conductoi-s 
are gi-adually brought within the influence of the fiel'l. 
In machines where the field commences and ends very 
abruptly there is danger that the conductors, if solid, 
b(!Come the seat of very strong Foucault currents at the 
moment of entering and leaving the field, tut this danger 
is greatly reduced, if not entirely avoided, by the use of 
these cast-iron pole horns, and the author has been able 
to run large machines with aimature bars |^in. square 
without detecting the slightest heating from this cause. 
The useful induction through the armature core is from 
20 to 21 lines per aq. in., and that through the magnet 
cores is from 12 to 14 lines per sq. in. 

For direct-driven machines the author adopts the 
arrangement shown in Fig. 114, which represents the 
usual type of steam dynamo made by Messrs. W. H. 
Allen and Co. For low voltage machines the armature 
is drum wound, the conductor consisting partly of bai*s 
(on the outer surface of the armature), and partly of thin 
semi-circular stripe of copper (across the ends of the aima- 
tm-e). Each strip is provided with a tag at either end, 
and these tags are bent at right angles to the surface of 
the strips, but to the right at one end and to the left at 
the other. After being insulated the strips are placed 
spirally one behind the other over a flanged sleeve, the 
tags forming circular rows at the ends of the sleeve, and 
serving for the attachment of the bars, which receive 
saw-cuts for this purpose. The interior diameter of the 
sleeve is made sufficiently large to allow the air to enter 



into tlie interior of the armature core, and since all the 
connections are outaiile it is very easy to replace any 
single conductor without disturbing the rest, which is not 
poBttible with the oidinary foma of drum winding. 

The Brown Dt/namii. — The machines made by the 
Maschinenfabrik Oerlikon in Switzerland to the designs 
of their electrical engineer, Mr, C. E, L. Brown, have 
been extensively used for the electric transmission of 
energy, and as in the last chajrter of this book a some- 
what detailed account of several of Mr, Erown's installa- 
tions will be given, only a short general description of his 
machines is required in this place. They are of various 
types, according to the requirements of each particular 
case, hut the following may be taken as fairly represen- 
tative examples. For a small or moderate output the 
field is of the "' Manchester " type, and the armature is 
Granune wound with the active conductors outside the 
core. For very large currents the armature c(ire is pro- 
vided with holes near its outer circumference, and the 
acti\e conductors, in this case stout copper rods, are drawn 
through these holes, which are fibre-lined for purposes of 
insulation. The inner or idle conductors are Hat bai's of 
copper held in place and insulated by grooved wooden 
rings. For small direct-driven dynamos Mr. Brown 
adopts an "ironclad" field having four poles, but pro- 
duced by only two exciting coils and a drum annature 
with multi-polar series winding. For large machines the 
field is of the type shown in Fig. 48, and the armature a 
Gramme, or in the latest machines a multi-polar drum, 
with an improved form of winding, rendering it not only 
possible but also perfectly safe to go up to 1,000, or even 
2,000 volts, which pressure could not be safely carried by 
a drum armature wound in the usual way. 



ELECTRIC TSAirSMISSlOX OF EXERGT. 

'Hw Victoria J)i/na»w. — This machine, made by t 
Brush Company, is frequently used a& motor in coom 
Won with an ordinary " Brush " dj'uamo working as gei 
rator. Since the latter machine has already been c 
aibed in another volume of the present series, no furtl 
lescription of it is requu-ed in this place. As regards t 
P^ictoria dynamo, a longitudinal section of which is eboi 
1 Fig. 115, its field is of the type represented by Fi{ 
i 47, and its armature consists of a wTought-ir 
'ring, upon which is coiled No, 30 B. fV. G. charcoal ir 
tape, the convolutions being insulated from each other 
a tape of equal width of iu^ulating paper coiled togetl 
with the iron tape. About one-seventh of the gross ai 
of the core is occupied by this insulation. Although i 
iron tape is exceesively thin, there is still a tendency 
heat, which can only be explained by the circumstan 
that on the outer periphery, where the lines of force 
at right angles to the axis, they pierce the tape on 
broad surface, and thus cause it to become hot. 
mitigate the evil radial grooves are turned Into the ci 
fi-om the outside, thus subdividing the wide tape inti 
number of naiTow strips. The core is supported by f 
gun-metal aiTns, each ann consisting of two halves, wh 
are clamped together by screw-bolts, and to make 1 
fastening more secure, slots are cut out of the wroug 
iron ring and part of the (-ore into which the extremit 
of the aims enter. In the dynamo here illustrated l 
core contains 7'8 square inches of iron in cross-secti' 
and it is wound with 60 coils of 165 mils wire, each c 
consisting of 6 turas Total number of turns 360. T 
machine gives a cuiTent of 150 amperes at 75 volts pr 
sure when running at 800 revolutions a minute. 

The Giilcher Di/nama. — This machine is very simi 
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to the Victoria in gfiieral aiTangement, but differs friHB 
it in the way tlie core tif the armature is constructed. In 
the original " Gulchfr," which was the earlier machine of 
the two, the core consisted of a malleable iron ring of H- 
BGCtion, provided with external Pacinotti projections, 
which, for purposes of ventilation, were perforated. Flat 
iron wasliera were laid on either side of the central-web, 
between the top and bottom flange of the H-shaped ring, 
which were kept a small distance apart by insulating 
pieces, and were also perforated to admit air to the in- 
terior of the core. In this arrangement those lines of 
force which enter the core in a direction more or leaa 
parallel to the spindle, pierce the iron washers on the 
broad surface and cause them to heat. To remedy thia 
evil, the original design has been altered by employing a 
ring of T-section, the head of the T being directed 
towards the centre, and iron tape being coiled on either 
side of the middle web. "When the winding of the tape 
is completed, the outer periphery of the core is turned in 
a lathe to a semicircular section. In this manner only the 
edges of the iron tape, but not its broad surface, are pre- 
sented to the lines of force, and thus heating is avoided. 
In a still more recent design, which is illustrated in Fig. 
116, the armature core is made by coiling rectangalai 
iron wire, thinly covered with cottoUj upon a supporting 
ring. In this manner the subdivision of the core is carried 
sufficiently far to avoid Foucault currents almost com- 
pletely. 

The Reckenzaun Motor, — The latest form of this type 
of motor, which has been specially designed for electric 
tramcars and launches, is shown in Fig. 117. The field 
magnets consist of wrought^iroii plates bent hot into such 
a shape as to form the magnet cores of a " Manchester " 
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jbable horse-shoe magnet, and the edges turned inwards 

e notched out to receive a series of segmental iron pieces 

■hich form the poles, as will be seen from the illustration. 

e armature is of the Pacinolti type, the core consisting 

f notched iron discs supported in the UAual way. The 

votor illustrated weighs 560 lbs., and is rated at 8 hp., 

j^ongh capable of working up to 14 hp., as will be seen 

rom the tests given below. The armature is 11 in. in 

meter and 10 in. long, the section of its core is 10 in. by 

11^ in., and that of the magnet cores is 9 in. by l|-in. The 

[field magnets are series wound, each limb containing two 

1 coils which can be put in parallel or series so as to vary the 

1 exciting power and permit of the different rates of speed 




and power required in tramway work, without overstrain- 
ing the batteries and without having to introduce reais- 
I tances. The following table shows the results of tests 
made with this size of motor by the Electric Car Coni- 
y of America at their works in Philadelphia, 
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The discovery of the principle that mechanical energy 
may be transmitted over considerable distances by the 
employment of two dynamo machines and a conductor, is 
commonly ascribed to M. Hippolyte Fontaine, who has 
in a recent pamphlet^ given a detailed account of the 
way he was led to make the invention. Since the matter 
is now of historical interest, an abbreviated translation of 
M. Fontaine's account is here given. M. Hippolyte 
Fontaine says : — 

" On the 1st of May, 1873, the International Exhibi- 
tion in Vienna was formally opened, although the ma- 
chinery hall, which was as yet incomplete, remained 
closed until the 3rd of June. I was engaged with the 
arrangement of a series of exhibits, then shown for the 
first time in public. There was a Gramme dynamo for 
electro-plating, capable of delivering 400 amperes at 25 
volts, a magneto machine which I intended to work as a 



^ " Transmissions Electriques," by Hippolyte Fontaine. Baudry & C\ 
Paris. 
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motor from a primary battery^ or from a PlautS accumu- 
lator, in order to demonstrate that the Granmie dynamo 
is reversible. There was also a steam-engine of my io- 
vention arranged for coke-firing, and a small motor of the 
same type, but arranged for gas-firing ; a centrifugftl 
pump, which was intended to feed an artificial waterfall, 
and numerous other exhibits. To vary the experimentB, 
I had arranged the pump so that it could receive motion 
either from the Gramme magneto machine or from mj 
steam-engine. On the 1st of June it was announced that 
the machinery hall would be formally opened by the Em- 
peror on the 3rd, at 10 a.m. Nothing was then in readir 
ness, but those who have been in similar situations know 
how much can be got into order in the space of forty-eight 
hours just before the opening of an exhibition. In every 
department members of the staff, with an army of work- 
men under their orders, were busy clearing away packing- 
cases and decorating the spaces allotted to the difierent 
nations. The staff visited all the exhibits in order to 1'-'^ 
determine which of them should be selected for the special | '^^ 
notice of the Emperor. 

"M. RouUex Duggage, the French Commissioner, 
asked me to set in motion all the machinery on my stand, I *^- 
and on the 2nd of June I was so far ready as to get the j *^ 
steam-engines, the plating dynamo, and the centrifugal 
pump to work. I failed, however, to get the motor into I ^ 
action, either from the primary or from the secondary \ ^ 
battery. This was a great disappointment, especially 
because it prevented my showing the reversibility of the | "^ 
Gramme dynamo. It puzzled me the whole of the even- 
ing and ensuing night to find a means to accomplish my 
object, and it was only in the morning of the 3rd of June, 
a few hours before the exhibition was to be opened, that 
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the idea struck me to work the small machine by a de- 
rived circuit from the large machine. Since I had no 
cable, I applied to the representative of Messrs. Manhes, 
of Lyons, v^ho was kind enough to lend me a small quan- 
tity ; and when I saw that the magneto machine when 
coupled to the plating dynamo was not only set in 
motion, but developed so much power as to throw the 
water from the pump beyond the reservoir, I added more 
cable until the flow of water became normal. The total 
length of cable in circuit was then over two kilometers, 
and this great length gave me the idea that by means ot 
two Gramme machines it would be possible to transmit 
mechanical energy over long distances." 

Another version of this discovery, as given by M. 
Figuier, is that it was purely accidental. He says that 
at the Vienna Exhibition in 1873 the Gramme Company 
had two machines exhibited. One machine was in motion 
and the other was standing still. A workman noticed 
some cable ends trailing on the ground, and thinking they 
belonged to the machine which was standing, placed 
them in its terminals. To the surprise of everybody the 
machine inunediately began to turn of its own accord, and 
then it was discovered that it was being worked by the 
current from the other machine. 

Whichever of these two versions may be the true one, 
it is certain that the electric transmission of energy was 
known at least as early as 1873, but there is reason to 
believe that the idea is even older. Dr. W. Adams, in 
his pa|)er " On the Evolution of the Electric Railway," ^ 
states that in 1840 one Henry Pinkus obtained from the 
United States Patent Office provisional protection for his 

* Bead in 1884 before the Society of Civil Engineers, America. 
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invcTitiou of an electric railway. The power was 
obtained from an electric motor — placed on the car- 
B-jt iu motion by the cun'ent obtained from huge bat( 
Since the latter were supposed to be buried in the gi 
the current must have been led to the car o 
distance, and Dr. Adams says that the principle of 
transmission of the ciirrent to the car while in motion 
tlie purpose of effecting its propulsion, was the 
that used nowadays. 

Thus we see that the earliest attempts at electric tran* 
mission of energy were made in combination with tk 
problem of electric locomotion, and the following is ■ 
brief summary of the various stages the invention ha* 
passed through, as given by Dr. Adams. For fuller 
particulars the reader ia refen-ed to the paper already 
mentioned. 

The first electric motor for producing rotary motion 
direct — as distinguished from the earlier " electrio 
engines," which had a reciprocating action^was that in- 
vented in 1833 by Professor Henry in America. This 
motor was but a toy, but shortly afterwards Davenport in 
America, Professor Jacobi in Kussia, Davidson in Scot- 
land, and Little in England constructed motors of con- 
siderable size. Amongst these the best known is Jacohi's 
motor, as applied to the propulsion of a boat on the 
Neva in 1839, In this instance the motive power was 
furnished by a primary battery, and the motor developed 
about two horse-power. In 1845 Professor Page invented 
a, new form of electric engine based on the " axial force of 
electro-magnetism," and a few years later he proposed the 
use of this engine for the propulsion of railway trains. 
The idea gained public favour, and Congress actually 
placed the sum of £6,000 at the disposal of Professor 
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Page for the purpose of practically developing the iuven* 
tioQ. In 18dl an electric loomotive was built and 
employed to draw a train of car* between Wwhington 
and Bladensbui^, a distance of five milee. The Dpeod 
obtained was 19 miles an hour, but dnce the citrrcnt wm 
fmnigbed by batteries, the working expenses were w 
great as to preclude the po&sibility of commercial snoceaa. 
It wa£ only after the discovery of the dynamic principle 
by Varley, Siemens, and Wheatstone that electric rail- 
ways and, indeed, any form of electric transmission of 
enet^y, became commercially possible. The idea of 
generating electricity at a fixed point by dynamo- 
machines and conveying the current through conductors 
and sliding contacts to the car whilst in motion, was first 
put into practice by Siemens in 1879, and this system 
forms to the present day the basb of all electric railway* 
operated direct from the generating djmamo. 

After this short review of the history of electric loco- 
motion it will be opportune to cast a rapid glance over 
the earliest examples of electric transmission between two 
fixed points. As was alreadj- stated, the first of these 
experiments dates back to 1873. These, however, were 
ixperiments only, undertaken to demonstrate the idea sA 
the Vienna Exhibition. In 1879 we find one of the 
earliest practical applications of the new invention under- 
taken by MM. Chretien and Felix at the sugai- worka 
in Sermaize. The manufacture of beetroot sugar can 
only be carried on during a iimall portion of the year, and 
for the rest of the time the machinery remains idle. It 
was thought advantageous to utilize the steam-engine at 
the works during slack time for ploughing the fields 
round about the factory, and if this should prove success- 
ful, to extend the system to other kinds of agricultural 
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work. A Gramme dynamo in tlie factory was set in 
motion by the steam-engine there, and the current was led 
by insulated cables to the iield to be ploughed, a distance 
of about half a mile. The ploughing tackle was arranged 
in similar manner to that in use for steam ploughing, but 
instead of the two steam- engines at opposite sides of the 
Iield, trollies, each provided with two Gramme dyuamos 
and suitable gear, were employed. Each trolly was pro- 
vided with the usual cable drum, and the plough was 
drawn backwards and forwards across the field by a steel 
wire-rope coiled and uncoiled alternately on these drums. 
Thus it was only necessary to switch the current into one 
or into the other set of dynamos on the trollies to produce 
the to-and-fro motion of the plough. After each set of 
furrows was completed the trollies were advanced bv an 
equal distance until the whole length of the field was 
ploufrhed. The forward motion of the trollies was effected 
by the power of the motors, suitable gear having been 
provided for that purpose. Tlie speed of the plough was 
55 feet a minute, and the work was done at the rate of 
200 square feet a minute. This pei-formance is about 
equal to that which could have been obtained with a 5 to 
6 liorse-power Fowler steam-tackle. 

At the same works, M. Felix installed in 1878 an elec- 
tric chapelet-lift for discharging the beetroot from the 
vessels, by which means a saving in labour of 40 per cent, 
was effected. A similar but larger lift has recently been 
erected at Soissons in France, which is capable of dis- 
charging 500 tons of beetroot in twenty hours. 

The early example set by M. Felix has been largely 
followed in France, where a considerable number of elec- 
tric cranes and hoists have been erected. To mention 
only a few of the more important examples, the cannoa 
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foundry at Bourges was provided in 1882 with an electric 
foundry crane capable of lifting 20 tons. It is worked by 
a 12 horse-power Gramme motor, the current being sup- 
plied by a Gramme dynamo, situated 330 yards from the 
crane, and requiring 20 horse-power when the maximum 
load is being raised. A second crane capable of raising 
40 tons has since been constructed for the same works. A 
30-ton foundrj' crane in the works of M. Joseph Farcot, 
which was originally designed for band labour, has been 
fitted with electric gear, and the lifting speed is from 
three to four times as great as was fonnerly the case when 
the crane was worked by teu men. To provide against 
accidents, an automatic apparatus is introduced which 
interrupts the current when the load exceeds 30 tons. 
The commercial efficiency of the system — that is, the 
ratio of the work done in lifting the weight to the work 
required to set in motion the generating dynamo — is stated 
by M. Fontaine to be 38 per cent. 

For ventilating mines and buildings, electric trans- 
mission of energy has been largely used. Electro-motors 
are, indeed, specially applicable for working fans, since, 
on account of the high speed equally required by both, 
the motor can be coupled direct to the axis of the fan. 
An early example of this kind of work is the installation 
at the Blanzy mines made by M. Mathet, There a fan 
of 2' 7* diameter, and 12" wide, is placed at the bottom 
of the pit, 540 yards below the surface, and is worked 
direct by a Gi-arame machine, the current being supplied 
by a similar machine on the surface worked by a 10 hoi-se- 
power portable engine. The cost of the installation, ex- 
clusive of that of the portable engine and of the fan, was 
£160 : and M. Mathet estimates that to do the same 
work by pneumatic transmission would have cost £580, 
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apart from the fact that, on account of the 
etSciency. a much larger portable engiDe would 
been required. 

Amongst later examples of ventilating by ele< 
may be mentioned the Hotel de ViUe in Paris, 
35 fans, each provided with a small electro-motor, are 
distributed throughout the building. The current is 
supplied by two Gramme dynamos, each capable of de- 
livering 50 amperes at 110 volts pi-essure. Either one er 
both of these generators may fee used. Their speed is 
1,250 revolutions a minute ; and that of the fan motors, 
which are of different size, varies from 1,450 to 1,750 
revolutions a minute. The current is distributed from a 
central switch-board, so that all the 35 fane can be con- 
trolled from this point. 

A similar installation has recently been fitted up in tbe 
ICcole Centrale in Paris, but since there the fans are 
cfiupled ti 1 the motors by means of belts, special apparatus 
had to be employed to give warning to the engineer in 
case one of the belts should come off. This is done in the 
following manner: — In each motor circuit there is in- 
cluded an electro-magnet, the armature of which can 
assume three positions — the one home against the core 
when contact is made, and the normal current passes j 
the other right off, when an alaim-bell is put into circuit j 
and the third midway between these extreme position^ 
when no current passes. The armature is held in the 
middle position by a catch. A spring tends to draw the 
armature away from the core, but with the normal current 
the electro-magnet is sufficiently strong to keep the 
armature on. Should, however, a belt fly off, then t^e 
motor will begin to race, whereby the current will be re- 
duced, and the attractive power of the electro-magnet 
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will become weakened so far » to allow the sfiring to pull 
the armature off. This breaks the circuit of that parti* 
cular motor, and rings the alarm*belly thu> calling the 
attention of the engineer to the fact that one «»f the renti- 
lators is out of action. 

It has been proposed by Professors Avrton and Perrr 
to establish electric ventilators at different points in the 
tunnel of the Metropolitan Railwaj, the current to Ije 
generated at some distant point where the nuisance of a 
stationary steam-engine would be far less objectionable 
than the fumes at present emanating from the stations 
and blow-holes along the line. The foul air was to be 
discharged from the ventilators by pipes passing through 
water-tanks. 

Amongst other earlj applications of electric transmis- 
sion of energy, may be mentioned the pumping arrange- 
ments in use since 1883 at a mine in Thallem, in Austria. 
Previously to the introduction of electricity, a 6 horse- 
power portable engine, placed at the bottom of the pit, 
was employed to work a centrifugal pump delivering 
66 gallons a minute through 850 yards of tubing to a 
height of 200 feet. Now the engine has been replaced 
by an electro-motor, the power being supplied by a 
dynamo on the surface, which gives a cuiTent of 15 
amperes at a pressure of 500 volts. This represents an 
electrical energy of 10*2 horse-power, and allowing 80 per 
cent, for the commercial efficiency of the generator, the 
total energy expended comes to 12*8 horse-power. The 
energy represented in water lifted is 4 horse-power, if we 
do not count friction in the tube ; including friction, it pro- 
bably amounts to over 6 horse-power. The commercial 
efficiency of the installation, including the two dynamos 
and the centrifugal pump, is therefore about 50 per cent. 
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Generally speaking, electric propulsion of carriages 
can be effected in one of two ways. We may either 
plaoe batteries on to the car, and thus carry the 
Bource of enei-gy along with it ; or we may employ a 
fixed source of energy, and transmit the current to the 
car whilst in motion by means of a conductor and sliding 
contact. 

For the sake of brevity we shall call the former the 
hatteri/ system, and the latter the conductor si/stem. A» 
regai'ds their respective merits, it will be evident that the 
conductor system has the advantage of a more direct 
action, since only two conversions are required between 
the energy developed by the prime mover, and that 
actually used in propelling the car. In the battery, sys- 
tem the energy of the prime mover must first be con- 
verted into electrical, then into chemical, energy, which 
is stored in the battery, and finally it must be recon- 
vei-ted in the motor into mechanical energy. The inter- 
position of the battery between dynamo and motor must 
necessarily reduce the efficiency of the whole system, 
because we can never recover from the battery all the 
energy which has been put in. The extra weight which 
has to be carried is also a disadvantage. On the other 
hand, the loss of electric pressure occasioned by the re- 
sistance of the conductor may become very considerable, 
and the corresponding loss of euergy may even exceed 
the energy which would be wasted in the battery. Thus 
the average resistance of the conductor at the Portruah 
Railway is 1 ohm, and when five cars are running distri- 
buted all over the line, requiring a total current of 200 
amperes at 250 volts pressure, the loss of energy amounts 
to 37 horse-power. The power actually requb-ed for five 
cars is 68 horse-power, and therefore the efiiciency of the 
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conductor, even if its insulation be perfect, is - 

= 65 per cent. If we add to this the loss due to the im- 
perfect insulation of the line, which is dei>endent on the 
state of the weather, we find that in this case the con- 
ductor system is, after all, not more economical than 
would have been the battery system. The Portrush line 
is, however, an exceptional case, as the resistance of the 
conductor is rather great. In the Blackpool Electric 
Tramway the resistance of the conductor is only half an 
ohm, and the loss of pressure with six cars running — on 
the supposition that each requires an average of 18 
amperes— would be about 30 volts out of 200. In tliis 
case 15 per cent, of the energy is lost in the conductor. 
If this line were to be worked on the battery system the 
loss would probably be 15 per cent, greater. 

But there is another consideration besides efficiency 
which must be taken into account when deciding between 
the two systems. In some cases the application of a fixed 
conductor along the line and above ground is inadmis- 
sible on account of the other traffic which may pass over 
the road. Such a conductor would not only interfere 
with all other traffic, but being always charged, and 
being of necessity unprotected by an insulating covering, 
so as to allow for the sliding contact, it would be a 
constant source of danger in our crowded streets. Mr. 
Holroyd Smith and Mr. Lineff have overcome the diffi- 
culty by placing the conductor underground. Where 
batteries are used, each car is perfectly independent 
from all the other cars, and this is a great advantage in 
working over a complicated net of tramroads. After 
this rapid comparison between the two systems, we may 
sum up by saying that the overhead conductor system is 
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adapted i'or lines running across country, where an met- 
head conductor and high electric pressure can be used 
without difficulty : the underground conductor system is 
adapted for subiirban lines ; and the battery system is 
suitable tor tramways within the crowded streets of atown, 
According to the nature of the conductor, the electric 
railways can be further classified as follows : — 

1. The rails are used as conductors, one conveying the 
outflowing and the other the returning current. In tlria 
case the rails must be insulated from the ground, and ttt 
the joints special connecting pieces must be used. The 
car wheels are insulated from their axW. An example 
of tilts kind is the short railway erected by Mr. Magnus 
Volk on the beach at Brighton, nnd the line between 
Berlin and Lichterfelde. 

2. A separate conductor is used for the outflowing, and 
both rails are used for the returning current The rail* 
need not be insulated from the ground, but special con- 
necting pieces must be used at the joints to insure good 
conductivity. The conductor may be above ground or 
under ground. Examples of this kind are the railways 
at Portrush, Newry, and Blackpool. 

3. Separate conductors are used for the outflowing and 
returning cun-ent These are carried overhead on poles, 
and consist either of slotted copper tubes on surface rail- 
ways, or of angle iron on underground railways in mines. 
Examples of this kind are the railways at Modling, 
Berlin, Frankfurt, Zankerode mine, and othere. 

4. Separate conductors are used for the outflowing and 
returning cuiTent. These are attached to poles, and so 
arranged as to form one single line, along which sus- 
pended trucks run. An example of this kind is the 
Telpher line at Glyude. 
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The Bessbroak and Newry Electric Railway was 
opened for traffic in September, 1885. It is three miles 
in length, and was erected to facilitate the traffic between 
these two towns, which amounts to about 28,000 tons 
annually. The generating station is placed at about the 
middle of the line at Millvale, where ample water-power 
is available. A turbine capable of working up to 65 
horse-power is used to drive two Edison-Hopkinson 
dynamos (see description on page 251), one of these being 
sufficient to work the traffic, the other being held in 
reserve. The pressure employed is 250 volts, and the 
current is conveyed along a channel iron conductor laid 
at the same level as the rails, and supported on wooden 
blocks, which are attached to the cross sleepers in the 
centre of the track. In a front compartment of each of 
the two passenger cars at present in use there is an 
Edison-Hopkinson dynamo acting as motor, and there is 
a collector with contact sliding on the centre rail, both in 
front and rear of the car, in order to span the breaks at 
farm crossings and sidings, where the current is continued 
by means of an underground cable. At one point the 
line touches the public road, and since there the con- 
ductor on the surface would be objectionable, it is inter- 
rupted for a distance of 50 yards, and the gap is spanned 
by two overhead wires, supported on poles 15 feet from 
the ground, and a collector with sliding contact is fixed 
to the roof of the cars for the purpose of bringing the 
current to the motor whilst the car is on this part of the 
line. The passenger car, which performs at the same 
time the function of an electric locomotive, weighs 8 tons, 
and on the level attains a speed of 15 miles an hour. It 
is capable of accommodating 34 passengers, and of haul- 
ing at the same time a train of loaded waggons up an 
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mcline of 1 in 85, at a speed of 7 miles rq hour. The'' 
gross weisjht of the whole train, includiog locomotive and 
passeogcrs, is 36 tons, and the motor developii about 
25 horee-power. The steepest gradient is 1 in 50, and 
the sharpest curve has 150 feet radius, but at the two 
termini there is a pear-shaped loop with a minimum 
radius of 56 feet 6 inches. This arrangement obviates 
the difficulty of having to tnrn the care on a turn-table at 
the end of each journey. The cars are 35 feet loi^, and, 
run on double bogies, hnving a gauge of 3 feet, and the 
ordinary flanged wheels. The goods waggons have 
flangeless wheels, 3 feet 4^ inches gauge, and run on two. 
flat i-ails placed outside of the car rails, and | inch below 
them. The car rails form thus a guide for the wheels of 
the goods waggons, and the latter can by reason of their 
broad flangeless wheels be at either terminus drawn off 
the track, and over the ordinary country roads. In the 
first four months after the opening of the line, a total of 
25,000 passengers and 1,600 tons of goods was earned, 
and the total mileage was 5,200. 

In the Blackpool Electric rrawrrajr, which is twomiles 
long, the conductor is placed under ground and consists 
of two semicircular channels of copper (Fig. 118), sup- 
ported by, but insulated from cast>-iron chairs. The con- 
ductor is split up into two parts in order that any dirt or 
other foreign matter which might fall through the slot in the 
roadwayshould also fall through the space between the two 
halves of the conductor instead of lodging on it, as would 
be the case if a single conductor were placed directly 
under the slot. The collector consists of a steel frame 
narrow enough to pass through the slot and of contacts 
sliding along the underground conductor. The contacts 
are insulated from the steel frame, and are in electric«l 
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^mmiuiioatiou with a clip lerniiDal on the car by ineaD:> 
if an insulated cable. Light leather straps wrvo to draw 
mSae collector along in the slot. Should an obfltruotion 
■ occur in the slot or in the conductor of so serious & 
i nature that it cannot be brushed away by the passage of 



Fig. Ill 




collector, the latter is arrested and the leather straps 
The strain next comes on to the insulated cable, 
'hich is thereby drawn out of the clip terminal, and thus 
iie current is interrupted and the car comes to rest. In 
the attention of the driver is called to the 



I 
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nbstruction, which can then he removed by haud, 
the terminal at the under-side of the car the current 
k'd throujfh a variable resistance and a reverettig switch 
til the motor, and returns through the wheels to tlie railB, 
and along them back to the generating station. At first 
ihe motors were shunt-wound, so as to avoid racing whan 
the car was lightly loaded and running on a level part of 
the line, or heavily loaded and running down an incline, 
1 1 has been explained on page 146 that the speed of a shunt 
motor, when running light, can never exceed a certain 
limit, whereas a series motor may, under the same condi- 
tion, assume a dangerously high speed. On purely 
theoretical grounds shunt motors are, therefore, more 
suitable lor tramway work. But a serious practical diffi- 
culty was soon encountered. It arose from the uncer- 
tainty of electrical contact between the wheels and the 
rails. When a current of electricity has to pass through 
two }>iece8 of metal in contact, the first condition is that 
the surfaces should be clean, and that is precisely the 
condition which cannot always be fulfilled in a tramway 
exposed to the weather, and overrun by other traffic. It 
would thus occasionally happen that the cun-ent was 
inten'upted for a very short time, jierhaps only a fraction 
of a second, but the interval was sufficient tti cause the 
field of the motor to lose its mt^netism. The conse- 
quence of this was, that when contact was restored aud the 
current began again to flow, the armature was not able to 
offer any counter- electro-motive force, and an abnormal 
rush of current took place before the field magnets had 
had time to again become excited. It will be noticed 
that the injurious effect here described will be the greater 
the lower the resistance of the annature — that is to say, 
the more efficient the motor, the more will it suffer from 
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Kcasional interruption of current. Since it was 
Heible to absolutely avoid these interruptions, the use 
Hint motors was discontinued, and series motors were 
tituted. In a series motor the intensity of the field 
; therefore, the counter-electi-o-motive force of the 
Iture are at once restored when the current begins to 
I and no abnormal rush of current can take place, 
prevent racing when lightly loaded, variable re- 
becs placed below the platform at either end of the 
have to be used. These resistances are also employed 
regulating the speed when the motor is doing a fair 
tint of work. The use of artificial reaistancea — in this 
A necessary adjunct of the ^iysteni — entails, of course, 
\ waste of energy, and in this respect Mr. Recken- 
I's method of varying the power by a combination of 
ffs is preferable. The motors — one to each of the 
{Brs now in use — are 6 horse-power nominal, but may 
I short time be worked up to 10 horse-power, the 
1 being 1,0(K) revolutions a minute. Each motor 
ha 9 cwt. It is worked at an average speed of 800 
hitions a minute, and reriuires an average current of 
mperes at 200 volts pressure, or about o electrical 
B-power, eijual to 4 brake horse-power, to propel a 
rith 45 passengers on a level road. The direction of 
pa is reversed electrically by reversing the direction 
e current through the annature, but not tJirough the 
-magnets. In doing this the brushes are not shifted, 
the diameter at commutation remains always at 
i angles to the magnetic axis of the iield. The 
^es consist of small solid blocks of copper, pressed 
prings very tightly against the commutator. All 
VB are of steel, and provided with lock-nuts tu stand 
ribration of the car without becoming loose. The 
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armatures are 10 in. ia diameter, and wound with a single 
layer of 63 mils wire, insulated with pure silk. The 
generators, of which there are two, placed in a generating 
station at about the middle of the line, are of the type 
described on page 278 and illustrated in Fig, 99. EmIi 
of these dynamos weighs 4 tons, and is capable of deliver- 
ing a current of 180 amperes at 300 volts pressure, when 
worked at a speed of 500 revolutions a minute. But 
since it was found that a pret^sure of 200 volts is sufficient 
to work the present traffic, the speed has been reduced 
to 350 revolutions a minute. The armature is 16 inches 
in diameter, and the field magnets, which are of the four- 
pole type, are separately excited by small dynamos, for 
the purpose of being able conveniently to alter the electro- 
motive force within certain limits, according to the 
requirements of the service. 

The Telpher Line at Glynde is an electric railway 
about a mile long, acting automatically, without assis- 
tance of guard or driver, and intended for the conveyance 
of a continuous stream of light vehicles, suspended from 
and rolling on a single line of rails, which at the same 
time form the electric conductors. In the illustration 
(Fig 119), M is the telpher locomotive, consisting of an 
electro-motor, chain gear, and driving wheels with india- ■ 
rubber treads, and also provided with two govemorB. j 
One of these breaks the cui-rent when the speed attains a 
certain limit, and the other puts a brake on when the 
speed should, on a downward gradient, be still further in- 
creased. On either side of the locomotive there are 
placed 5 skeps, each weighing 101 lbs. and capable of 
carrying 250 to 300 lbs. of clay, and these skeps are kept 
the right distance apart by connecting rods. The total 
length of the train, consisting in all of 1 1 vehicles, is 
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Kactly equal to the distance between two priles, and 

e the sections of the mil attached to the poles form 

mately tite out-and-home conductor, it follows that 

e first and last skep are at all tims'^ in contact with raila 

tf opposite polarity The cuirent is collected at the two 

tads of the train, and con\ eved along wires (not shown in 

Fig IL9 






the illustration) to the middle, where it works the motor, 

M. The arrangement of the circuit is shown diagram- 

matically in Fig, 120, whete D is the generating dynamo^ 

and L, T, L^, T„ two trains, one up and the other down 

H^e line. Tlie sections, A„ B^, A3, B^, A^, and so on, are 

^■kmnected together by cross-connections shown in dotted 

^Hbes, and are also connected with the positive terminal of 
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the dynamo, whilst the alternate sections, £„ A^^ B^ A^ 
and so on, are similarly connected, and are also connected 
with the negative terminal of the dynamo. The con- 
ductor is formed of steel rods, | inch in diameter, 66 feet , 

Fig. 120. 
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long between the poles, and placed 8 feet apart. The 
motor is regulated to run at a speed of 1,600 to 1,700 
revolutions a minute, the speed of the train being 4 to 5 
miles an hour. One train running backwards and for- 
wards will deliver 150 tons of clay per week, but as many I 
as 20 trains can be run on the double line at the same 
time. To avoid in this case the risk of collision, the late 
Professor Fleming Jenkins, in conjunction with Pro- 
fessors Ayrton and Perry, invented an automatic elec- 
trical block system, which is shown diagrammatically 
in Fig. 121. At certain parts of the line the regular 
cross-over system is modified by inserting idle sections, 

Fig. 121. 
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^5, £5, through which the driving current is only trans- 
mitted if the switches, K^ K^, are closed. If the switch, 
ifi, is open, a train arriving on A^ will stop for lack 
of current, and similarly, if K is open, a train arriving 
on B^ will stop for lack of current. On closing the 
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ntches, the trains will start again. T!ii»s*e ♦■▼r-'airt ur* 
Drked. like the contact of an ordinary r^iaT. -.i i, mio*. 
^al current sent back bj a ^paraD^ vjrrxjr.. i^i 
erated automatically by the preostling Tn^ia, *ra#* 
^nal opens the switch^ thus blocking the Uzn : 'ijt zr:xz 
;nal closes the switch, thus again restoring 'Mfrv.vj.j^a- 
»n, and allowing the following train to oicn*? '.c 
ReckenzaurCs Electric Tramcar. Venr s-ion an^r the 
mention of the secondary battery attempts were iJLa^ie 
th in France and in this country to utilize its capacity 

store energy for the propulsion of vehicles. These 
rly attempts, however, failed, for two reasons. In the 
st place, the earlier forms of accumulators were very 
avy in comparison to the amount of energy which could 
I obtained from them, thus necessitating the carrying of 
I enormous dead weight, which left very little margin 
r the paying load. They were also unreliable, gave 
it a poor eflSciency, and were in many points mechani- 
Jly defective. In the second place, the gear employed 

reduce the high speed of the motor to the coinpara- 
/ely slow speed of the car-wheels was uncertain in its 
tion, and liable to derangements. At first bclt-g(;ar 
is tried, but that failed when used on c<;mnion roarJw, 

might be expected of belt« which have Ut work w^ff 
d dry, and always in a more or U:n% mn<\(\y rjfjuliium, 
r. Magnus Volk, rf Brighton, ha^ $iAtfi^A belt h^^'Ht in 
3 little electric railway lairl al/>f»j( ilte \p^.wsh in Ihtffhf^fti, 
d is quite satisfied whb h. \U ^hphfyn hn^h^y i'ff,k 
Its in duplicate. Mod ^^M }^;a ^,Wi U n^ydM,^^} hj n 
illey supported tm a 3^*r i^h-v*fe v^ frf^Ur rh^ t^/m^ffu ^4 
e driver. (Jrikofrv \^;;?^k^ v^^-^^ -.v^r^ *Ti'<*4 ;^'' ^?^*:^ 
it were fooiad ^fwit^ yMmt^)(9,^^^ ^va,,. ^^ ^km i-itJA, r-rtiVh 

exceptiwMiJJjr .44^.. Tf;^^^ -^ ^^ Axj^n^n*^/^ \.^^ff 
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leather link belts will stand on a dirty road where 
ordinary belts fail. Next spur-gear and bevil-gear were 
tried. If the distances and relative positions between the 
centres of the geared wheels could be kept rigidly constant, 
such gear would probably answer very well ; but in a tram- 
car there is of necessity a certain amount of play between 
the axle-boxes and the body of the car^and the height of the 
car-frame above the centre of the axle is variable. There 
is about an inch difference when the car is loaded and 
when it is empty ; and along our ordinary tramroads^ the 
vertical oscillation of the car may considerably increase 
this difference. It is difficult to arrange spur-gear to be 
sufficiently flexible to accommodate itself to these changes^ 
but this problem has been solved by Mr. Sprague and 
Professor Elihu Thomson, who adopt a spring suspension 
for the motor, a system now largely in use on American 
roads. Chain-gear has also been tried, but not with such 
success as to become popular. 

Mr. Reckenzaun employs worm-gearing, as will be 
seen from Figs. 122 and 123, which represent his electric 
tramcar in elevation and plan. Two motors are used, 
each supported on, and forming part of a four-wheel 
bogie, which is in itself an electric locomotive, and quite 
independent of the body of the car. The weight of the 
latter is thus distributed over eight wheels, rendering it 
possible to run the electric car, notwithstanding its in- 
creased weight, over the ordinary tramroads. The bat- 
teries are placed on trays under the seats, and, when ex- 
hausted, can be withdrawn and replaced by a set newly 
charged in about the same time as it takes to change a 
pair of horses. To facilitate the operation, rollers are 
provided on which the trays run, and the latter are hauled 
in and out by m<»ans of a winch mounted on the trolly 
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which brings the batteries op to the car. The object of 
using two motors to each car is partly to distribute the 
driving power to two axles without the necessity of rigid 
mechanical connections — ^which, in the case of bogie cars 
intended for roads where there are sharp curves would be 
very difficult to arrange — and partly to obtain variation 
in speed without the wasteful device of introducing idle 
resistance into the electric circuit. It will be readilv seen 
that by coupling the motors in series the electro-motive 
force available for each motf>r will be half the total 
electro-motive force of the battery, whereas if we employ 
only one motor, or if we place both motors into parallel 
connection, the total electrcn^norive force will be avail- 
able for each motor, and consequently the speed will be 
about double what it was in the former case. A com* 
pound switch is provided which enables the driver to make 
these variations in the coupling of the motors (viz., two 
in series, one only or two parallel y by means of a single 
handle. By means of another handle the direction of 
motion is reversed. The car is provided, in addition to 
the usual hand-brake, which a very powerful magnetic 
brake, and with an automatic arrangement which puts 
this brake on if the speed exceeds a certain limit. 

A car built on this principle four years ago has been 
supplied to the Berlin Tramway Company, and formed 
the subject of an interesting paper by Herr Zacharias, 
read in January, 1886, before the Elektrotechnischer 
Verein,* in Berlin, to which the reader is referred for full 
particulars. Each motor weighs 420 lbs., or, both to- 
gether, inclusive of the gear, about half a ton. The 
accumulators, with their trays and accessories, weigh 1^ 
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ton. They have to be changed every two to four hours. 
The total weights are as follows : — 

Car, with motors^ gear, and accumulators . 3*75 tons* 
46 passengers, conductor, and guard . . 2*25 tons. 



Total . . . 6*00 tons. 

The tractive force required on a level average road is 
30 lbs. per ton, and at a speed of seven miles an hour this 
represents about 3J horse-power work done. 

Herr Zacharias makes the following comparative esti- 
mate as regards the cost of horse traction and electric 
traction. He assumes that each car is actually in use- 
from five a.m. until one a.m. — that is, for a period of 
twenty hours per day — and that it requires a change of 
horses every four hours. This gives five pairs of horses 
per day per car. 

A line worked by sixty cars would, therefore, require 
600 horses actually in service, and say ten per cent 
more in reserve, or 660 horses in all. 

To work the same line on the battery system would 
require steam power up to 750 horse-power, and a pro- 
portionate amount of electrical plant as given below. 
The capital outlay becomes — 

I. For Horse Traction : — 

Horses £28,512 

Harness and other gear .... 2,750 

Total . . . £31,262 
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II. For Electric Traction : — 




Steam-engines .... 


, £7,500 


Boilers 


4,000 


Dynamos 


2,800 


140 sets of batteries . . . . 


12,600 


Cables and electric fittings 


1,100 


Motors and gear 


6,000 



Total 



£34,000 



Thus the first capital outlay is for electric traction 
only slightly greater than for horse traction, and if we 
3onsider that the buildings necessary to accommodate 
iteam and dynamo machinery of a total power of 750 horse- 
)ower are not so extensive, and do not cover as much land 
.s the buildings required to accommodate 660 horses, the 
►alance in the first outlay may probably be in favour of 
lectric traction. The working expenses are certainly 
luch lower for electric traction. Herr Zacharias esti- 
lates as follows : — 

I. Working Expenses with Horse Traction : — 

Depreciation per horse per day . 0*4840 shillings. 

Fodder „ „ . 1'5720 „ 

Shoeing and attendance, per horse 

per day 0*1613 



Total . . 2-2173 



99 



>> 



Total for 660 horses and 365 days . . £26,707 
Renewal and repair of harness • . 723 



Total . 



£27,430 
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II. Working ExpeoBea with Electric Traction: — 
Annnal expenditure of energy, 6,570,000 

' horse-power hours. 
Coal . .■ . . . . . . £6,570 

Depreciation of batteries, aOo/^ . 2,520 

Depreciation of motors, 20°/g . . . 1,200 
Depreciation of boilers, steam-engines, and 

dynamos, \0°/^ 1,430 

Repairs, oil, acid, wages ■ . . ■ l,tSO 



£12,900 



According to these estimates the annual working ex- 
penses of electric traction on the Beckenzaun system 
would only be about half as great as with horse traction. 

The progress made with electric tramways and railways 
in America during the laBt few years is very remarkable. 
The roads are mostly worked on the overhead conductor 
system, and the following table, compiled by Mr. G. W. 
Mansfield, and given in bis paper read on the 8th August, 
1889, before the National Electric Light Association, 
shows clearly this development. 



Electric Steeet Eatlroads : 
United States. 





ises. 


.... 


lesr 


18SS. 


Jad, l-Jnlyl 


1889. 


,.- 


-s'l'^s- 


Tu,^. 


Number of etec- 
trif railways . 

Number of milt^s 
ofi-oaii . . . 

Sumb-irofcttra . 


» 


28 
39 


81 


;?r 


1> 1 43 

113 i 267 
17. [ ,64 


380 
538 


109 

936 



CHAPTER XII. 

General character of work done in England and abroad — Development of 
electric transmission of energy in Switzerland — List of installations — The 
Kriegstetten-Solothurn plant — Official tests of same — The Aichberg plant 
—Latest type of Brown's dynamo. 

At the present time there are so many electric trans- 
mission plants in actual use, that the task of choosing 
one or two for more detailed description becomes a some- 
what invidious one. Such descriptions of work actually 
carried out are of great importance to the practical en- 
gineer, and might, therefore, appropriately fill the con- 
cluding chapter of a book intended not for professors, 
whose business it is to teach the theory of electrical work, 
but for practical men who might be called upon to design 
and erect such work, or to approve and pass it if designed 
and erected by others. Admitting, therefore, the ne- 
cessity of giving in this place, by way of example, an 
account of some of the work done in electric transmission 
of energy, the question arises as to what examples should 
be chosen. As the present book is primarily intended 
for English readers, the author might naturally be ex- 
pected to select for detailed description work carried out 
by English firms. But here arise some difficulties. In 
the first place, although a considerable amount of work 
of this kind has been carried out by English firms, the 
magnitude of each individual plant is far below the 
average of continental or American installations, a fact 
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primarily due to the scarcity of water power and the 
abundance of cheap fuel in England. Since then the 
opportunities of utilizing large powers, which otherwise 
would be running to waste^ are few and far between in 
this country : the application of motors has become rather 
a question of the convenient distribution of small powers, 
and the plants required in such cases, as pumping, ven- 
tilating, driviug lathes, and other tools, hoisting or pro- 
pelling launches and tramcars, are necessarily of limited 
size. 

In the second place, English makers have hitherto not 
considered it necessary or expedient to submit the work 
they have caiTied out to the test of independent authori- 
ties, and in recording the results achieved the author 
would have to simply repeat the maker's statements. 
Now, whilst he is far from suggesting that such state- 
ments should, as a general rule, be received with incredu- 
lity, it will be admitted on all hands that the results 
obtained by independent investigators must, on the whole, 
be preferred to those obtained by interested parties, and 
he proposes, therefore, to select for detailed notice the 
work done by the Maschinenfabrik Oerlikon, Switzer- 
land, which firm has not only carried out the largest 
plants of electric transmission, but has also had some of 
them investigated by independent authorities, and thus 
given the scientific world the benefit of their experience. 

Before entering into the technical details of one or two 
of these plants, it may be interesting to state briefly the 
reasons which have led Mr. C. E. L. Brown, the elec- 
trical engineer to the Oerlikon works, to take up the 
electric transmission of energy as a promising branch of 
engineering, and to trace the history of the development 
during the last three years. Up to 1886 the Oerlikon 



firm had only made electric light dyLamos, but the high 
efficiency which could be obtained with these, as with 
any other well designed machines, and the fact that they 
could equally well be used as motors, led Mr. Brown to 
the conclusion that theii- application tu the transmission 
of power was a question which could be solved by careful 
design and good workmanship. The necessity to transmit 
power over longer or shorter distances waa, as far as 
Switzerland was concerned, abundantly proved by the 
fact that the various tele-dynamic transmission plants 
had, notwithstanding their recognized defects, been re- 
tained for many years, and are still retained. The 
distance over which wire rope can be used is compara- 
tively small, the installation is costly, the efficiency when 
the distance is such as to requii'e many intei'mediate 
stations is low, and the wear of the cables is gi'eitt, en- 
tailing not only a heavy charge for renewal of cable, but 
aUo occasional interruptions in the working wheu it 
becomes necessary to splice an old or put on a new 
cable. In spite of all these impei'fections tele-dynamic 
transmission had been retained for want of something^ 
better. 

Here was, then, au excellent field for the introduction 
of electric transmission, if a convincing and practical ]jroof 
I could be given of its superiority. This proof has been 
given, and at the present time a slow but sure process of 
replacement of the wire rope by the electric conductor 
is going on in Switzerland and neighbom*ing countries 
where water power is abundant. The first installation 
carried out by Mr. Brown was one of 50 horse-power, 

t between Kriegstetten and Solothurn, a distance of five 
miles, and gave a commercial efficiency of about 74 per 
cent. Considering the great distance, it was obvious that 
turn 



! 
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no tele-dynamic or any other system of transmission could 
have been employed in this case, even had a very much ^ 
lower efficiency been tolerated. The installation was, j 
scientifically, a complete success from the first, and what ; 
was more important, it worked from the first day to the 
entire satisfaction of its owner, Herr Miiller-Haiber, but, 
notwithstanding this result, other mill owners were slow 
to avail themselves of the new system of transmission* 
They did not doubt that the results obtained by the com- 
mission called together to investigate the performance of 
the plant were quite reliable ; this was guaranteed by 
the names of the men who formed the commission, but 
the whole thing was at first looked upon merely as an 
interesting experiment, and is was feared that sooner or 
later a break down in what was then regarded as delicate 
electrical machinery would cripple the plant. The hy- 
draulic and other engineering works necessary in con- 
nection with such a system of power transmission entail 
a heavy expenditure, which might become so much 
capital thrown away in case the electrical part of the 
installation could not be kept permanently in good work- 
ing order, and therefore, those who might at once have 
used electric transmission, thought it prudent to wait 
with its adoption until prolonged experience with the 
Kriegstetten- Solothurn plant had proved that the elec- 
trical part could be as much relied on as the purely 
mechanical part. This point having been fully demon- 
strated, in course of time the conversion of mill owners 
in Switzerland and elsewhere to the new system began 
to take place, and is now, as already mentioned, in full 
swing. Even engineers, who make a speciality of tele- 
dynamic transmission, are rather pleased than otherwise 
that the growing use of electric transmission relieves them 
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of having to do work which, even if executed with the 
greatest care, gives frequently rise to complaints. Even 
the rope transmission of Schaffhausen, once the pride of 
Swiss engineers, is about to be superseded by the new 
rival system. A little below the present turbine house, 
from whence about 760 horse-power are now being trans- 
mitted across the stream by wire rope, there will be 
erected a new turbine house, accommodating five 300 
horse-power turbines to drive dynamos of corresponding 
output, and a large spinning mill on the other side of the 
river has already contracted to take 520 horse-power, 
supplied by four motors, two of 60 and two of 200 horse- 
power. Not only in Switzerland, but also in other 
countries, is there a steady growth of electric trans- 
mission, as will be seen from the following list of installa- 
tions already completed by the Oerlikon works, or in 
hand. In this list installations of less than 50 horse- 
power, available at the generating station, are omitted as 
being of subordinate interest. Installations in connection 
with electric railways are also omitted. 

The last item on this list is an interesting example of 
the application of electric transmission of power to rail- 
way tunnelling, the plant which is being made to the 
order of Messrs. J. E. M. Clark, London, for the Argen- 
tine and Chili Railway, being intended for working the 
air-compressors which will supply aii* for the rock drills^ 
required in the construction of the tunnels. Since, in 
this case, the generators and motors will have to be 
carried to their respective places of destination on the 
backs of mules; they will be so constructed that in the 
larger machines no piece will weigh more than 10 cwt., 
and in the smaller more than 3 cwt. The machines will 
be six-pole drum dynamos, the limbs of the field magnets 
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being separately detachable and mounted on a steel frame- 
work, which can also be taken to pieces. 

The type of dynamo which Mr. Brown employed in his 



Localitj. 



Solothum 

Lucerne 

Derendingen 
Diewbach 

Lugano 
Wald . 



Piovene (Italj) 
Pordenone (Italj) 

iSchio (Italy) 
Gazzaniga (Italy) . 

Cuorgne (Italy) . 

Aichberg 
Innsbruck . 

Kennelbach . 
Podolnitchaia (Russia) 

Schaffhausen 



1 



{ 
{ 

[Argentine Republic I 
and Chili . . \ 



Dynamos. 



Nomber. Kilwmtts. 



4 

2 

4 
2 



2 
2 
2 
2 

2 



2 

2 

2 

2 

2 

2 

2 

1 

2 

10 

10 

8 

8 



20 

80 
68 
94 
80 
39 
30 
84 
20 
65 
167 
40 
98 
72 
67 
60 
81 
58 
63 
59 
67 
33 
65 
49 
23 
17 
200- 
310 
50 
54 
49 
27 
24 



Tnasmianon. 



H. P. avail, 
able. 



\ 



50 

120 

280 
120 

60 

125 

250 
60 



Distance in 
Meters. 



8,000 

3,000 

1,300 
600 

8,000 

726 

450 
1,000 



300 


6,000 


100 


800 


120 


800 


96 


325 


100- 
50 


600 
450 


200 


2,600 


70 


3,00 


600 


600 


,120 \ 


3,000 

and 

7,000 



first installations, and which is still retained in all cases 
where a moderate amount of power has to be transmitted, 
is shown in Fig. 124.' The plant erected at Kriegstetten 



^ The author is indebted for this illustration, and for Fig. 126, to the 
editor of " Industries." 
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I Solotliuni consists of two generators and two motors, 

: four machines being coupled in series on the three- 

■ire system. The reasons for this arrangement were the 

pUowing: 1st, by subdividing the work between two 

kachines into pairs, the chance of a complete breakdown 

»ugb the failure of one of the machines was avoided ; 

A, the machines were designed with an ample margin 

' output, and the plant could therefore transmit even if 

irtially disabled considerablv more than half the power ; 




3rd, the great distance re rnlcred the employment of a high 
pi-essure desirable (in this case 2,000 to 2,500 volts), but 
as at that time the adoption of so high a pressure in one 
single machine was looked upon as a somewhat hazardous 
experiment, Mr. Brown thought it prudent to minimize 
the risk by building the machines for half the pressure, 
and coupling them in series ; 5th, in case that only one 
set of machines is at work, the idle outer circuit wire can 
be joined at both ends to the balancing wire, and thus the 
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line resistance reduced. The power to be transmitted 
varies between 30 and 50 horse-power, according to the 
water level in the river, and the speed of both generators 
and motors has been fixed at 700 revolutions per minute. 
The transmission of the power from the turbine to the 
generators and from the motors to the mill shafting is by 
belts. The machines are pure series-wound, and have 
been designed so as to make their characteristics fit each 
other in order to obtain a perfectly self-regulating system. 
The line consists of three overhead wires of bare copper 
235 mils, diameter, and carried on Johnson and Phillips' 
oil insulators, the average distance between the poles, 
which are of wood, being 120 feet ; only in one place, 
where the line crosses the river Aare, is the span in- 
creased to 400 feet, and silicon bronze is used instead of 
copper. It may here be remarked that the insulation of 
the line was found to be practically perfect, as will be 
seen from the results of tests quoted below. 

The first series of tests was carried out at the works of 
the makers in November, 1886, the machines being con- 
nected by an artificial line. To ascertain the mechanical 
power supplied to each generator, and that given off by 
each motor, the machines were suspended in cradles hung 
on steel knife edges in line with the centre of the arma- 
ture shaft. It will be seen that with this arrangement 
the torque which the armature exerts upon its field must 
cause the whole machine to assume an inclined position, 
the deviation from the vertical being the greater the 
greater is the torque applied to or exerted by the arma- 
ture. Now the relation between this angle and the corre- 
sponding torque can be ascertained by direct measure- 
ment when the machine is at rest ; and when the machine 
is at work, the product of the torque (as given by the 



\ 
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angle of deflection) and the speed is a measure of the 
power supplied or absorbed. Certain corrections are 
naturally required to eliminate errors which are insepa- 
rable from this as from any other method of measure- 
ment, but it would be beyond the scope of the present 
book to enter into the details of the corrections adopted. 
Suffice it to say that after elimination of these errors the 
commercial efficiency of the whole plant, including the 
artificial line of about 10 ohms resistance, exceeded 70 
and in some cases even 75 per cent. A detailed account 
of these experiments will be found in the " Schweizerische 
Bauzeitung," 1887. 

Encouraging as were the results obtained in these expe- 
riments, there was still the doubt whether the plant, afrer 
haying been installed and at work for some time, would show 
an equally satisfactory performance. It is one thing to test 
a machine in one's own shop, where everything can be ar- 
ranged in the most favourable manner, but it is quite 
another thing to test the same machine after it has been sub- 
jected to the strain of everyday use for some time, and is 
certainly working under less favourable conditions. In order 
to leave no room for doubt in this respect, the Oerlikon firm 
instructed a second commission of experts to investigate 
the transmission plant in situ after it had been at work 
for nearly a year, and a full report of these new experi- 
ments, which took place in October, 1887, will be found 
in the first and second number of 1888 of the journal 
already mentioned. The determination of the power by 
means of the cradle suspension method, which had pre- 
viously been employed, could obviously not be adopted 
in this case without seriously interfering with the work of 
the mill, and another method had therefore to be substi- 
tuted. The power given off* by the motors was measured 

z 
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by a broke, and that supplied by the turbine to the f 
ratoTE was ascertained in the following manner : One of 
the generators was put on one aide, and a brake set up in 
its place. The turbine was then started and the power 
BbB<>r)>ed by the brake was determined for different levels 
of water, difl'ereut speeds and different nunabers of gates 
o]>eDed in the guide-wheel. In this manner a table wm 
prepared giving the power corresponding to ail the pos- 
sible conditions under which the turbine might voA 
wheu the generator was replaced. The electrical measure- 
ments were made with instruments specially constructed 
for the purpose, the commission having found that the 
employment of commercial ampere aud voltmeter migbt 
lead to an error of not lege than 5 per cent, in the dete^ 
mination of the efficiency. AU the measurements were 
made as far as possible simultaneously at both ends of the 
line, and those readings about which there was any doubt 
of having been taken at the same moment were rejected. 
The resistance of the line with the balancing wire cut out 
was found to vary between 904 and 9228, according to the 
temperature of the air. The average resistance of the 
four machiues in series was 14'311 ohms, viz., 7'251 the 
generat^jra, and 7-060 the motors. The power received at 
Solothurn varied from 17 to 23 horse-power. It will thus 
be seen that as far as the amount of power transmitted 
was concerned, the conditions of this test were not the 
most favourable which might occur, for the total efficiency 
of the plant would probably be greater at full power than 
at less than half-power, but the difference can only be 
small, and as the smallness oi' the difference of efficiency 
between full and light load is one of the advantages which 
electric transmission has over other systems, we must 
accept the figures found under light load as faii'ly repre- 
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senting the average efficiency within the limits of power 
for which the plant is intended. The trials took place on 
the 11th and 12th October, 1887, under the direction of 
Professors Veith and Weber, and Messrs. Amsler, Keller, 
and Hagenbach, and the following is a summary of the 
results : — 



Date. 


Horse-Power. 

• 


Commercial Efficiencies. 


Remarks. 


Generators. 


Motors. 


Generators. Motors. 


Whole Plant. 


Oct. llthi 
Oct. 12th i 


26-17 
24-56 
30-85 
30-85 


17-85 
16-74 
23-21 
23-05 


•869 ' ^888 
•871 ; ^868 
•887 -903 
•888 -881 


•682 
•682 
•762 
•747 


i One Generator 

> and 

\ One Motor. 
I Two Generators 

> and 

\ Two Motors. 



The insulation of the line was ascertained by simul- 
taneous current measurements at both ends. It would, 
of course, have been possible to take the insulation resis- 
tance by means of a bridge, but the value so obtained 
would scarcely have been reliable. A circuit may show 
apparently perfect insulation when tested by a bridge, 
with even as many as 50 or 100 cells, and yet leak badly 
when the full pressure of 2,000 volts is thrown upon it. 
The higher pressure itself may develop faults which no 
ordinary bridge test can find out. The line was therefore 
tested under pressure and the following results were ob- 
tained. 



Date. 


Current at 


Remarks. 


Generator 
Station. 


Motor 
Station. 


October 1 1th. j 
October 12th. | 


14-20 

13-24 

11-47 

9-78 


14-18 

13-29 

11-42 

9-78 


\ During a heavy 
j rain. 

j- No rain. 



If there had been aay appreciable leak m the line I^H 
current measured at the motor station would, in all ca^^H 
have been smaller than that measured at the gener^^H 
station, but it will be seeu from the above table that^^^H 
(lifierence is as often positive as negative, showing t^^H 
it is merely due to errors of observation which in tfa4^^| 
selves are exceedingly small. The insulation of the £^^| 
may therefore be considered as absolutely perfect. ^H 

A larger plant, but ^vith only one generator and o^H 
motor has recently been established near Aichberg, Tyi^H 
In this case a water power of about 100 effective hp.^H 
Grschroeff is utilized in the paper mill Steirermuehle^,^! 
kilometer distant. Both machines are of the type repl^H 
sented by Fig. 124, and the working pressure is 1»0^H 
volts, current 67 amperes. Tests caiTJed out by a coi^H 
mittee of experts on behalf of the owner have shown t^j^H 
the commercial efficiency of the whole plant when wd^^| 
iug at full load is about 80 per cent. The met^^H 
adopted in making these tests was substantially the saq^| 
as that just described. The hne consists of 315 mils bare I 
copper wii-e, also supported overhead on Johnson and 
Phillips' oil insulators, and the machines are series wound 
and designed so that the characteristics may fit each other 
to obtain self-regulation. The following are the prin- 
ciple data of these machines. Generator : Ai-matnre 
Graname wound with 504 turns of conductor consisting 
of two 120 mils wires laid bare upon each other and 
cotton covered together. The commutator has 126 sec- 
tions. The diameter of the armature core is 21^ in., and 
its length 20 in., the radial depth being 5^ in. The mag- 
net cores are 15|-in. diameter,and contain each 371 turns 
of exciting wire of 350 mils diameter. Motor : the arma- 
ture core of the motor is of the same size, but is wound 
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with only 456 conductors joined with a 114 part commu- 
tator. The magnet cores are 15 in. diameter, and their 
exciting coils are of the same wire as those of the gene- 
rator and contain the same number of turns. During the 
tests referred to the speed of the generator varied between 
570 and 577 revs, per minute, and that of the motor be- 
tween 630 and 635 revs, per minute. 

For larger powers Mr. Brown employs a multipolar 
type of dynamo, as shown in Fig. 125, which represents 
a 250 hp. machine having a four pole field and Gramme 
wound armature. Similar machines were shown at work 
in the recent Paris Exhibition, the motor driving the 
shafting to which the diflferent machines exhibited in 
the Swiss section were belted. In the latest machine of 
this type Mr. Brown employs drum armatures with mul- 
tipolar series winding, and Fig. 126 illustrates a dynamo 
of this type designed to give an output of 200 amperes at 
400 volts pressure when driven at 450 revolutions per 
minute. The dimensions are given in millimeters. 
Where weight need not be economised the field magnets 
are of cast iron, but if a specially light machine is required, 
the magnets are separate wrought-iron forgings held to- 
gether by bolts placed within the exciting coils, and are 
supported on a steel frame instead of a cast-iron bedplate. 
With the armature winding adopted only two sets of 
brushes are required for any number of poles, and the 
brushes must be placed with an angular distance of 180 
degrees, if the field contains an odd number of pairs of 
poles. If the number is even, then the angular distance 
between the brushes is equal to that between the poles. 
Thus in a 6, 10 or 14 pole machine, the brushes must be 
placed diametrically opposite, whilst in a 4, 8 or 12 pole 
machine they must be placed respectively 90, 45 or 30 
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degrees apart. The induction in these new machines is 
much lower than in former types being only from 5,000 
to 7,000 lines per square centimeter, or say from 5-l to 7^^ 
lines per square inch, both in armature and magnet 
cores. 



THE END. 
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the Siemens, 283 ; the Thomson- 
Houston, 252 ; the uni-polar and 
non-polar, 53 ; the victoria, 
294. 

Dynamos, small, difficulty in, 113. 

Dynamos and motors, different 
conditions in, 85 ; formulas for, 
98. 



Dyne, the, 22. 

Ecole Centrale, Paris, ventilati 

at, 308. 
Edison electric tubes, 224. 
Edison-Hopkinson dynamo, tl 

251. 
Edison mains, 219. 
Efficiencjr, 43, 97, 178 ; maximi 

theoretical, 140 ; and cost, tab 

of, 246. See also Commerc 

efficiency. 
Electric machines. See Dynan 

&C. 

" Electric RaQway, On the E 

lution of the. Dr. Adan: 

paper, 303. 
Electric street railroads in 1 

United States, 328. 
Electric traction and horse trs 

tion, comparative estimat 

326. 
Electric transmission of ener^ 

possible applications of, 230. 
Electrical efficiency, 178. 
Electrical potential, the, 31. 
Electrical and mechanical enerj 

relations between, 11. 
Electro-dynamic paradox, an, 1. 
Electro-magnetic measuremen 

the absolute system of, 22. 
Electro-motive force, in armatu 

80 ; counter, 37, 139 ; maximu 

56 ; mean, 56 ; the unit of, i 

See also Force. 
Electro-motor, first, 49. 
Electro-motors, early, 304 ; < 

periments with, 66 ; gove: 

ment of, 158, 168. 
Elwell-Parker dynamo, the, 27 
Elwell-Parker motors, the, 2' 

277. 
Energy given out, 93; lost, 4 

mechanical and electrical, 1 

transmission of, and ideal mot 

35. 
Equivalent magnetic sheet, t] 

28. 
Erg, the, 22. 

Esson*s experiments, 137. 
Estimates, comparative, ho 

and electric traction, 326. 
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Exciting power, 102. 
Experiments on self-induction, 65 ; 

with electro-motors, 153. 
External characteristic, 114. 
External energy, maximum, 140. 

Fans and pumps, electric, 307, 
309. 

Feeders, 225. 

Field of dynamo, 74. 

Field, the magnetic, 19 ; strength 
of, 107. 

Field magnets, types of, 100. 

Figuier's explanation, 303. 

First electro-motor, 49, 304. 

Fontaine, M. Hippolyte, his dis- 
covery, 301. 

Forbes', Professor, dynamo, 51. 

Force, current and mechanical, 
33 ; lines of, 11 ; static, dyna- 
mic, and counter-electro-motive, 
139. See also Electro-motive 
force, &c. 

Formulas, for dynamos and mo- 
tors, 98 ; for maximum, 199 ; 
for mean current, 198 ; for 
strength of field, 108. 

Four-pole machine, 275. 

Friction, mechanical and mag- 
netic, 95. 

Fundamental units, 21. 



General principles, 10. 
Generator, the compound machine 

as, 153. 
Glynde, the Telpher line at, 318. 
\ Goolden dynamo, the, 283 ; motor, 

285. 
Governors, 159. 
Gram, the, 22. 

Gramme armature, the, 73, 77. 
Graphic treatment of problems, 

140. 
Griefs', Herr, wire table, 213. 
Griscom, motors, 65. 
GiUcher dynamo, the, 296. 

Heating of conductor, 200. 
Hefner- Alteneck armature, 69. 
Historical notes, 301. 
Hopkinson, Edison-, dynamo, the, 
251. 



Horse-power given out, 94. 

Horse traction and electric trac- 
tion, comparative estimates, 
320. 

Hotel de Ville, Paris, ventilation 
at, 308. 

Houston, Thomson-, dynamo, the, 
252. 

Hughes', Professor, theory of 
magnetism. 16. 

Hydraulic transmission, 238. 

Ideal alternating current dynamo, 

54 ; continuous current dynamo, 

59. 
Ideal motor and transmission of 

energy, 35. 
Immisch motor, the, 261. 
Induction. See Self-induction. 
Installations, list of, 334. 
Insulation, relative importance of, 

204. 
Insulators, 206. 
Internal characteristic, 114 ; losses, 

97. 

Joints of wire, 208. 
Junction safety catch-box, the, 
225. 

Kapp dynamo, the, 289. 

Knegstetten-Solothum installa- 
tion, the, 331 ; experiments, 
337. 

Lead-covered cables, 228. 

Leakage, loss of current by, 172 ; 
and economical speed, 177. 

Lescuyer's, Gerard-, electro-dyna- 
mic paradox, 154. 

Lightning, protection from, 217. 

Line, the, 190. 

Lines, aerial and other, 204, 218. 

Lines of force, 11 ; unit lines, 19. 

Long distance transmission, 232. 

Loss of current by leakage, 172. 

Losses due to mechanical and 
magnetic friction, 95 ; internal, 
97. 



Machines, electric, see Dynamo, 
&c. ; two series, 186. 
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MagnetB, naturated, 104. 

Magnetic circuit, 101 ; field, the, 
19 ; lineft of force, 12 ; moment, 
the, 28 ; peniieability, 108 ; re- 
HiKtance, 103 ; B})ecific magnetic 
renifttance of air, 108. 

Magnetic and mechanical friction, 
hiHACft due to, 95. 

Magnetic shell, the equivalent, 
28. 

Magnetism, modem theory of, 16. 

Magnets, field, 100 ; single and 
double, 112. 

Mains, Edison, 219. 

Manchester dynamo, the, 271. 

Maximum current, formula for, 
199. 

Mean current, formula for, 198. 

Mean electro-motive force, 56. 

Measurements, the absolute sys- 
tem of electro-magnetic, 22. 

Mechanical and electrical energy, 
relations between, 11. 

Mechanical and magnetic friction, 
losses due to, 95. 

Moment, the magnetic, 28. 

Motor, compound dynamo used 
as, 165 ; for constant current 
made self-regulating, 162 ; the 
Elwell-Parker, 276 ; ideal, 35 ; 
the Goolden, 285 ; the Immisch, 
261 ; the Reckenzaun, 298 ; self- 
regulating constant current, 
168. 

Motors, horse-power of, 94 ; shunt, 
148 ; self -regulating, 163 ; theory 
of, 85. 

Motors and dynamos, different 
conditions in, 85 ; foniiulas for, 
98. 



Natural sources of power, 1. 
Non-polar dynamo, Forbes', 53. 



Oerlikon Works, 330. 
Ohm, the, 32. 
Ohm's law, 115. 

Pacinotti armature, the, 73, 77. 
Page's electric railway, 304. 



Parker, Elwell-, dynamo, the, 273 ; 
motor, the, 276. 

Permeability, magnetic, 108. 

Periodic governor, the, 159. . 

Phoanix dynamo, the, 286. 

Pinkus, the early patent of, 303. 

Plant, cost of, 237. 

Ploufjhing by electricity at Ser- 
maize, 305. 

Pneumatic transmission, 240. 

Pole, unit, 21. 

Potential, 31. 

Power, cost of, 234. 

Practical conclusions, 247 ; diffi- 
culty, 151 ; examples, 145, 185 ; 
units, 47. 

Principles, general, 10. 

Problems, graphic treatment of, 
140. 

Pumping by electricity, 309. 

Railway, Page's electric, 304. 
Railway tunnelling, Argentine 

and Chili, 333. 
Railways, electric, Dr. Adams on, 

303 ; 'modem, 310. 
Reckenzaun motor, the, 298. 
Reckenzaun's electric tramcar, 

135, 317. 
Regulation, self, difficulty of, 

162. 
Resistance, magnetic, 103. 
Reversibility of dynamo machines, 

84. 



Second, the, 22. 

Self-induction, 64, 135; experi- 
ments on, 65. 

Self-regulation, difficultv of, 162. 

Semiaize, ploughing by electricitj- 
at, 305. 

Shell, the equivalent magnetic, 
28. 

Shunt motor, experiment with, 
153 ; variation of speed in, 151. 

Shuttle-wound armature, Sie- 
mens', 61. 

Siemens' shuttle-wound armature, 
61. 

Silicon bronze wires, 212 ; copper 
wires, 213. 
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Sliding contact, uncei-tainty of 
the, 316. 

Smith's, Holroyd, underground 
oondiictoi', 315. 

Solenoid, 104. 

Spasmodic governor, the, 159. 

Speed, characteristic.**, 129 ; de- 
termination of best, for maxi- 
mum commercial efficiency, 143; 
regulation of, 134 ; torque in- 
dependent of, 91 ; variation of 
in shunt motors, 151. 

Starting power, 41. 

Static, dynamic, and counter- 
electro-motive force, 139. 

Street railroads in the United 
States, 328. 

Strength of field, formulas for, 
107. 

Switzerland, development of elec- 
tric transmission m, 330. 

Systems, classification of, accord- 
ing to source of electricity, 155 ; 
of electric railways, 3i0 ; of 
electric transmission of energv, 
155, 231. 



Transmission of energy the fun- 
damental problem oi mechani- 
cal engineering, 1. 

Tables of efficiency and cost, 229, 
243, 300; of temperature, 202; 
for finding the most economical 
size of conductor, 199 ; of results 
of Kriegstetten-Solothum plant, 
339. 

Telpher line, the, at Glynde, 
318. 

Temperature, table for rise of, 
202. 

Thelpherage, 318. 

Theory of motors, 85. 

Thomson -Houston dynamo, the, 
252 ; lightning lirotector, the, 
218. 

Thomson, Sir William, his law, 
192. 

Thompson's Silvanus, problem, 
140. 

Three-wire system, the, 220. 

Torque, the, 41 ; exerted by 



armature, 89 ; independent of 
Hi)eed, 91. 

Traction, hoi-se and electric, 
comparative eKtiinates, 326. 

Tramcar, Reckenzaun's electric, 
321. 

Tramcars, electric, application to, 
134. 

Transformer, continuous current, 
269. 

Transmi.ssi(m of energy, electric, 
l)ossible applications of, 230 ; 
the fundamental problem of 
mechanical engineering, 1. 

Transmission, between two dis- 
tant points, 155 ; circuits for, 
204 ; at constant current, 158 ; 
at constant pressure, 158 ; at 
constant speed, 151 ; and ideal 
motor, 35 ; nydraulic, 238 ; ideal 
system of, 41 ; over large areas, 
156 ; long distance, 232, 331 ; 
pneumatic, 240 ; systems of, 
231 ; tunnelling, 333 ; wire- 
rope, 242. 

Trotter, Goolden-, dynamo, the, 
283. 

Tubes, Edison's electric, 224. 

Tunnelling, railway, 333. 

Two series machines, 186. 

Underground conduits, various 

systems of, 226. 
Underground lines, 218. 
Uniform magnetic field, a, 23. 
Uni-polar dynamos, 53. 
Unit of electro-motive force, the, 

31. 
Unit lines, 19 ; current, 28, 29. 
Unit pole, 21. 
Units, fundamental, 21 ; practical, 

47. 

Variable current, correction for, 

197. 
Ventilating by electricity, 307. 
Victoria dynamo, the, 294. 
Volk's, Magnus, electric railway 

at Brighton, 321. 

Warning apparatus, 308. 
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Waste of enerav and capital out- 
lay, relation between, 190. 

Wire-rope trannniission, 242. 

WireH, 212 ; jointB of, 208 ; carry- 
ing caiMkcity and heating of, 
20S. 



Work done in Enirland ai 






abroad, character of, 329. 

Zacharias', Herr, comparati\ 
estimates for horse ana electri 
traction, 326. 
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